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ABSTRACT 
 
 Climate change due to anthropogenic greenhouse gas emissions is a major concern 
for nations worldwide. In order to mitigate the challenges associated with this issue, it is 
imperative for industrial sectors to switch to renewable feedstocks and energy sources for 
decreasing CO2 emissions. Lignocellulosic biomass is one such alternative that demonstrates 
a promising future, specifically for the sustainable production of chemicals. However, the 
transition from a petroleum-based to a bio-based chemical industry poses new challenges for 
catalysis. In contrast to petrochemical reactions that are typically conducted in the gas phase 
at high temperature, biomass conversion reactions often require low temperature aqueous-
phase conditions to mitigate the undesired side reactions and degradation of the feedstock 
molecules. Metal oxide supports that are commonly used in the petroleum industry (silica, 
alumina) lose their structural integrity in aqueous environments and, therefore, alternative 
supports and catalysts need to be developed. Carbon materials represent a suitable alternative 
to metal oxides as carbon-carbon bonds withstand hydrolytic attacks, under both highly 
acidic and basic aqueous environments, even in the presence of salts, which makes them a 
support material of choice for a broad range of biomass conversion reactions. However, these 
promising materials remain poorly understood and the structure-activity relationships 
required to design high-performance catalysts are still missing. The present work addresses 
this gap in knowledge. Specifically, we built this work on the hypothesis that structure-
activity correlations can be established for carbon-supported metal catalysts by decreasing 
the support complexity and controlling the support properties at the nanoscale. We pursued 
this hypothesis and were able to deconvolve the contributions of the scaffold’s surface 
viii 
chemistry and electronic properties to the catalytic activity of the supported metal active 
phase. 
 In order to conduct a systematic study of support effects, we developed a synthetic 
platform based on stacked-cup carbon nanotubes (SCCNTs) as scaffolds. The key advantage 
of these SCCNTs is their dual structure consisting of a graphitic core and an amorphous 
carbon shell, which offers a handle on the graphitic character and surface chemistry through 
simple thermochemical treatments. Pd metal nanoparticles deposited on the SCCNTs were 
carefully characterized using advanced methods—aberration corrected transmission electron 
microscopy and synchrotron-based X-ray photoelectron spectroscopy—and the performance 
of the synthesized catalyst series was evaluated for the hydrogenation of cinnamaldehyde, an 
α,β-unsaturated aldehyde probe molecule. Strong correlations between the activity and 
selectivity of Pd/SCCNTs for the liquid phase hydrogenation reaction and the structure of the 
support were observed. Advanced characterization revealed that the observed trends could be 
assigned to electronic metal-support interaction (EMSI), resulting in a charge transfer and the 
formation of an electron-depleted Pdδ+ phase at the metal-carbon interface.  
 Once the presence of EMSI for carbon-supported catalysts was established, we 
attempted to quantitatively determine the contribution of the Pdδ+ phase to the overall 
performance of the Pd/C catalyst. Thermal annealing of the samples enabled incremental 
changes in the Pd particle size and Pd-C contacts. The analysis of the corresponding catalytic 
results revealed major differences in the selectivity and intrinsic rate of Pd0 and Pdδ+ metal 
atoms, and demonstrated that controlling the structure of the carbon surface offers a powerful 
handle for tuning the activity of Pd/C catalysts. 
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 As the MSI effects observed in this work were electronic in nature, the catalysts were 
further investigated by ultraviolet photoelectron spectroscopy in an attempt to explain the 
origin of the charge transfer and associate it with the scaffold’s electronic properties. Linear 
correlations between the work function and band gap of SCCNTs and carbon nitride 
materials and the selectivity towards C=C bond hydrogenation were established. These 
results are expected to facilitate the development of strategies for rationally designing carbon 
supports for target biomass conversion reactions. 
 In summary, we developed strategies to control the properties of carbon supports at 
the nanoscale, we demonstrated the existence of electronic metal-support interactions for 
carbon-supported precious metal catalysts, and we established structure-activity correlations 
that may guide the rational design of next-generation hydrogenation catalysts.  
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 CHAPTER 1 
 GENERAL INTRODUCTION 
 
1.1 Introduction 
 The present-day demand for energy and chemicals is predominantly dependent on 
fossil resources.1, 2 The magnitude of this dependence manifests itself in the 78.4% 
contribution of fossil fuels to the estimated total global energy consumption in 2015.3 As the 
world population is expected to further increase until the end of the century, this demand and 
dependence is expected to follow the same trend.4 Scientific evidence proves that 
anthropogenic activities, specifically the consumption of petroleum based fuels and 
chemicals leads to greenhouse gas emissions that adversely affect Earth’s climate.5 These 
effects cause increased occurrence of extreme weather conditions such as floods and 
droughts that disrupt agriculture and thereby affect food supply chains.6 Climate change also 
leads to rising global temperatures that are expected to cause an increase in sea levels and 
disturb oceanic ecosystems.6  In order to mitigate these challenges, nations worldwide are 
attempting to curb their greenhouse gas emissions by reducing our dependence on petroleum 
resources.  
 Lignocellulosic biomass is one of the promising renewable alternatives to 
petroleum.7, 8 Biomass from agricultural waste and non-edible plants is an abundant, cheap, 
and renewable source of carbon that can facilitate the sustainable production of energy and 
chemicals. The need for a transition to a bio-based economy has been identified by several 
agencies. In the United States, the Department of Agriculture has set out a goal to produce 
20% of the transportation fuel using biomass by 2030.9 In addition to transportation fuels, 
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production of chemicals from lignocellulosic biomass has also been emphasized upon. The 
U.S. Department of Energy (DOE) has identified 10 platform chemicals and the main 
conversion pathways that will set the foundations for a bio-based chemical industry.10 This 
proposal of the U.S. DOE also highlights that the platform molecules obtained from biomass 
contain a significant fraction of oxygen functionalities. Consequently, classes of reactions 
such as decarbonylation and hydrogenation that can selectively remove or modify oxygen-
containing functional groups will be of central importance. Since these reactions typically 
involve the use of metal catalysts, it is essential to design catalytic materials that can 
selectively convert a target bond in multifunctional bio-based molecules. 
 The transition from a petroleum-based to a bio-based chemical industry poses new 
challenges for catalysis. While reactions in the petrochemical industry are typically 
conducted in the gas phase at high temperature, biomass conversion reactions often involve 
transformations in the condensed phase. In addition, water is commonly used as a solvent in 
the bio-based chemical industry due to its low cost and ability to dissolve polar oxygenates 
that are produced from biomass.11 However, the use of water at temperatures above its 
normal boiling point, under extreme pH (very acidic or very basic conditions), and in the 
presence of salts creates new challenges for the stability of the current generation of 
heterogeneous catalysts that were initially developed for petrochemistry. Non-precious metal 
active phases such as nickel (Ni), iron (Fe), and their alloys were found to slowly dissolve 
(leach), especially below pH 4.5.12, 13, 14 Additionally, many oxide supports and metal 
catalysts undergo structural reconstruction and partial dissolution under these reaction 
conditions.15 Several groups reported that silica,16 SBA-15,16 alumina,17, 18 zeolites,19 and 
niobia20 lose 50-90% of their surface area within 10-12 hours in water at 200 °C. Therefore, 
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the lack of stability of the support and catalysts represents a major roadblock for the 
development of a bio-based economy. New catalysts and supports that can demonstrate high 
stability and can selectively produce value-added chemicals under biomass conversion 
reaction conditions need to be developed.  
 
1.2 Hydrogenation reactions 
 Catalytic hydrogenation reactions are of prime significance in the present-day 
chemical industry. These reactions are expected to play an increasingly important role in the 
biorenewable chemical industry due to their ability to convert functionalities, such as C=C 
and C=O, which are typically present in biomass-derived molecules.21 This importance of 
hydrogenation reactions in the current and future chemical industry makes it one of the most 
widely researched areas in catalysis.22  
 
1.2.1 Selective hydrogenation of α,β- unsaturated aldehydes 
 Selective hydrogenation of the functionalities present in biomass is vital for the 
production of value-added chemicals. Specifically, C=C and C=O bond reduction reactions 
are important due to the abundance of these functional groups in bio-based feedstock and 
platform molecules. Therefore, in this work we chose the hydrogenation of a model α,β- 
unsaturated aldehyde compound, containing an olefinic bond (C=C) and a carbonyl (C=O) 
group. Due to the structural similarities between α,β-unsaturated aldehydes and several 
monomers of lignin, these molecules and their selective conversion reactions are central for 
biomass conversion. Additionally, a large body of work is already available in the literature 
for the selective hydrogenation of these model compounds, which provides a strong 
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foundation of data for comparing our results. In addition to biomass conversion, these 
selective reduction reactions are also important for the fragrance, flavor, and pharmaceutical 
industry.23 For example, cinnamaldehyde (3-phenyl-2- propenal) upon reduction of the C=O 
bond produces cinnamyl alcohol, which is widely used in the perfume industry. Similarly, in 
citral (3,7-dimetyl-2,6-octadienal), selective hydrogenation of the C=O bond results in the 
formation of geraniol which is utilized in flavors and mosquito repellents.24 However, 
chemoselective reduction of α,β- unsaturated aldehydes is challenging since thermodynamics 
favors the C=C over C=O bond hydrogenation by about 35 kJ mol-1.25  
  
1.2.2 Role of the electronic and geometric properties of metal nanoparticles on 
hydrogenation activity 
 The selectivity of hydrogenation reactions can be tuned by altering the electronic and 
geometric properties of the metal catalyst. Correlations between the width of the d band, 
position of the d band center, and the catalytic performance of metals have been reported.26, 
27, 28 Based on this understanding, one simple method for modifying the selectivity involves 
changing the metal active phase itself. For example, in cinnamaldehyde hydrogenation, the 
selectivity towards unsaturated alcohol followed a decreasing trend with Ir > Pt > Ru > Rh > 
Pd.23 A more elite strategy for tuning electronic properties involves alloying or doping the 
metal catalyst and thereby controlling its performance for selective hydrogenation.29, 30, 31, 32, 
33 This technique allows for the modification of the d band width at the surface of the active 
phase due to a combination of strain and ligand effects, which in turn governs chemical 
properties such as the dissociative adsorption energy of hydrogen.34 The addition of a 
secondary element alters the electronic configuration and the coordination of the active metal 
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leading to a ligand-like influence.34, 35 The bimetallic species also induce changes in the 
geometric structure by modifying the bond length and angle. These effects have a significant 
influence on the performance of the catalysts.34, 35 While alloys are typically formed by 
deliberate addition of a secondary metal, interactions between the metal and a non-inert 
support can also lead to doping of the active phase. For example, in the case of Pt/ZnO 
catalysts, the formation of PtZn alloy was observed upon catalyst reduction.36 The presence 
of the PtZn increased the selectivity towards the unsaturated alcohol in crotonaldehyde (but-
2-enal) hydrogenation.36 Therefore, changing the nature of the support can provide an 
alternate route to tuning the elemental composition and catalytic performance.     
 
1.2.3 Reactant adsorption configuration  
 Altering the geometric and electronic structure of the metal typically influences the 
catalytic selectivity by modifying the adsorption mode of the reactant. For instance, the 
crystallographic planes at the catalyst surface were shown to affect the binding mode of 3-
methylcrotonaldehyde on platinum.37 Preferred adsorption and thereby hydrogenation of the 
C=O was observed on Pt (111) due to repulsion between the methyl groups attached to the 
C=C and this metal surface.37 Similar results were observed for cinnamaldehyde 
hydrogenation with a higher selectivity to the unsaturated alcohol on Pt (111) as compared to 
Pt (100).38 Theoretical calculations supporting these experimental observations were also 
reported.26, 39 While controlling the crystallographic structure for altering reactant adsorption 
and product selectivity is an interesting approach, designing catalysts with specific facets is a 
challenging task. Currently, ligand-assisted synthesis of nanocrystals is a preferred approach 
for gaining precise control on their exposed facets.40 In addition to tailoring the catalyst 
6 
structure, the ligands also open new opportunities for improving the catalytic performance. 
The concentration, size, and chemical functionalities of the ligands act as selectivity-
switchers by altering the adsorption mode of the reactants.41, 42 Similar effects were observed 
when varying the surface chemistry of the support. 
 
1.2.4 Support effects  
 In the case of supported metal catalysts, the physicochemical properties of the support 
can influence the catalytic performance. This can occur through the interactions between the 
metal, the reactant/product molecules, and the support material. Specifically, the polarity of 
the support surface plays a major role in these interactions. For cinnamaldehyde 
hydrogenation, studies reported differences in selectivity depending on the support polarity 
due to the repulsion of the benzene ring in the molecule by the support’s oxygen-functional 
groups (Figure 1).28, 43, 44 Similar results were also observed for supports containing surface 
nitrogen-functionalities, wherein the preferential C=C hydrogenation increased with 
increasing nitrogen content.45, 46 In addition to this, the support functional groups can also 
have an electronic effect on the metal catalysts, which have also been reported to affect the 
product distribution.47 The oxygenated functional groups, for instance, can act as electron-
donor sites resulting in an increase in the electron density on the supported metal 
nanoparticles.23 These electronic effects were shown to increase selectivity towards crotyl 
alcohol in crotonaldehyde hydrogenation.48  
 While tuning the support functional groups offers an attractive approach for altering 
the catalytic performance, de-convolving the electronic and polar effects remains a challenge 
in catalysis. Additionally, limited support materials offer flexibility in modifying their 
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surface chemistry. These challenges act as a barrier in utilizing this technique for the rational 
design of catalysts for selective hydrogenation. 
 
 
Figure 1. Schematic representation of cinnamaldehyde adsorption on the carbon nanofiber 
(CNF)-supported Pt catalyst. PtCNF represents Pt nanoparticles on CNF with oxygen-
functional groups. PtCNF973 represents Pt nanoparticles on CNF after majority of the 
oxygen-containing groups on the support surface were removed by a treatment at 973 K (700 
°C). Reproduced from [43].   
 
 
1.3 Carbon materials 
 Carbon is one of the very few materials that offers an ease in the tunability of 
chemical and electronic properties, making it a material of interest for a wide array of fields 
from catalysis to energy storage and molecular electronics.49, 50, 51, 52 Due to their high 
thermal and electrical conductivity, mechanical strength, and optoelectronic properties, 
carbon-based nanomaterials are also used for biomedical and photocatalytic applications.53, 54 
Additionally, carbon is structurally stable in liquid water under harsh conditions (high 
pressure, very low or high pH) due to the high resistance of carbon-carbon bonds to 
hydrolytic attacks. . Therefore, carbons are an attractive class of materials for the bio-based 
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chemical industry. This breadth of fields in which carbons are applied provides a perspective 
on the importance of studying these materials and understanding their properties at a 
fundamental level. In this report, we will primarily focus on the role of carbon materials as 
catalyst supports.  
 
1.3.1 Carbon materials in catalysis 
 Carbons have been applied in catalysis for several decades due to their high surface 
area, relative inertness under acidic/basic environments, and low costs.55 Another advantage 
is the facile recovery of the metal active phase by combustion of the carbon scaffold. 
Carbons also offer an ease in the tunability of surface functional groups using thermal and 
chemical treatments. 
 Currently, hundreds of different types of carbons are commercially available. The 
most commonly used carbon materials are activated carbons (AC). A schematic 
representation of ACs as shown in Figure 2, depicts the presence of polyaromatic 
hydrocarbon domains arranged in complex three-dimensional structures that are 
interconnected with amorphous carbon. AC is typically obtained from materials such as 
coconut shells, wood, or bamboo and demonstrates high surface area and low costs. 
However, due to the variations in the properties of the raw materials, significant differences 
in the impurities and nature of the carbons can be observed. Further, the complex three-
dimensional structure aggravates the issues of mass transfer limitations and inhibits the 
rational design of supported catalysts. These challenges associated with AC can be addressed 
by synthetic carbons such as carbon nanotube (CNT) or carbon nanofiber (CNF) materials.  
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Figure 2. A schematic representation of an activated carbon comprising of polyaromatic 
hydrocarbon domains arranged in a complex three-dimensional structure. Reproduced from 
[56]. 
 
 Catalytic chemical vapor deposition (CCVD) is the most common method used to 
grow CNTs and CNFs.55, 57 In CCVD, the carbon-source decomposes on the surface of a 
metal catalyst, typically Fe, Co, or Ni, and the carbon dissolves in the nanoparticle catalyst to 
form carbides. The metastable carbide then decomposes into metal and graphitic carbon. The 
formation of the graphitic carbon increases the pressure and the catalyst particle is pushed 
out. Following this, the metal surface is exposed to the carbon source and the process of 
graphitic carbon formation continues. This mechanism for CNT and CNF synthesis using 
CCVD, depicted in Figure 3, is supported by several studies.55, 57, 58, 59 Since CCVD is a 
bottom-up synthesis technique, it also allows the incorporation of heteroatoms such as 
nitrogen in the nanocarbons.60, 61, 62 Additionally, depending on the size, shape, and elemental 
composition of the catalyst nanoparticle, the nature of the nanocarbons and their properties 
such as their diameter can be controlled. The tunable structure of the nanocarbons along with 
their high purity, mesoporosity, and high thermal conductivity, makes them attractive 
materials for catalytic applications.55 However, high production costs of CNTs, five time 
higher than that of AC, along with the low bulk density of CNTs (60 – 280 kg m-3) in 
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comparison to AC (300 – 580 kg m-3) limits their economic viability for use in industrial 
reactors.63   
 In addition to AC, CNTs, and CNFs, collections of other carbons with different 
physicochemical properties are commercially available. While the wide variety offers several 
possibilities for catalysis, the structure-activity correlations for carbon-supported catalysts 
remain unclear. This gap in knowledge limits the optimum utilization of the current materials 
and inhibits the development of next-generation carbon-based catalysts. In order to overcome 
this barrier, it is imperative to first develop a fundamental understanding of the interplay 
between the properties of carbons and catalytic performance. 
 
 
Figure 3. Schematic representation of growth routes of carbon nanotubes using catalytic 
chemical vapor deposition: a) decomposition of the carbon-source on the catalyst particle 
surface; b) carbon atom diffusion through the particle; c) precipitation of carbon and the 
formation of a nanofiber or nanotube. Adapted from [57]. 
 
1.3.2 Reactivity of carbons 
 One of the most important properties of materials in catalysis is their reactivity. 
Traditionally, carbons are considered to be inert in comparison to metal oxides due to the 
absence of Lewis acid groups on their surface. In addition, the weak Brønsted acid-base 
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functionalities that are present in carbons are not expected to directly participate in reactions. 
However, this inertness of carbon materials is relative and in the 1960s it was observed that 
AC can facilitate selected reactions.64 The reactivity of AC was discovered to be a function 
of the activation process (steam, CO2, ZnCl2, etc.).64, 65, 66 This behavior of carbons stoked 
interest in understanding the molecular level phenomena which govern their reactive nature.  
 Broadly, the important parameters that influence the surface properties, hence the 
catalytic activity, of carbons can be classified into three interdependent groups, namely their 
physical, chemical, and electronic structure. Attempts of understanding the correlations 
between these properties and the reactivity of carbons revealed some interesting results. In 
the case of defect-free fullerenes, the reactivity of the sp2 hybridized carbons was due to the 
strain induced by the curvature of the nanocarbons.67 Typically, sp2 carbon atoms in any 
aromatic nanocarbon with a very high curvature (radius of curvature of 5 to 10 Å) will 
undergo a pyramidalization of its orbitals. This will strongly facilitate addition reactions that 
break the C=C and let atoms relax due to rehybridization to C-sp3.68 Chirality in single wall 
carbon nanotubes (SWCNTs) creates additional strain on C=C bonds due to “twisting” and 
leads to a misalignment of the pz orbitals.69, 70 The high reactivity is not limited to well-
defined nanocarbons like fullerene and SWNT, but it can also occur on any site with a very 
high local curvature. In the case of Stone-Wales defects (Figure 4), which are created in the 
process of strain relief, the presence of the C5 and C7 rings would induce curvature in the 
carbon materials.67, 71, 72, 73  
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Figure 4. Atomic arrangement of the Stone–Wales (SW) model. a, The SW transformation 
leading to the 5–7–7–5 defect, generated by rotating a C–C bond in a hexagonal network. b, 
HR-TEM image obtained for the atomic arrangement of the SW model. c, Simulated HR-
TEM image for the model shown in b. Reproduced from [74] 
 
 Typically, the interaction of defects with oxygen leads to modifications of surface 
properties. For instance, reaction of topological defects with strong oxidizing agents results 
in the formation of CO2 and the creation of a vacancy. Therefore, carbons consist of defect-
free graphitic domains that are interconnected by vacancies (Figure 5). The interaction of 
defects with oxygen also introduces oxygen-doped functionalities on the surface of carbon 
materials, for example around vacancies or edge/prismatic plane carbon atoms that are far 
more reactive towards oxidation than basal plane atoms.75, 76, 77, 78 For instance, carbon atoms 
on the edges of graphene can lead to activation of O2 to form epoxides that migrate or hop on 
the surface of the basal plane.79, 80 Therefore, the presence of edges or defects is essential for 
introducing heteroatoms in the basal plane of carbons. 
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Figure 5. Aberration-corrected transmission electron microscopy (TEM) image of reduced-
graphene oxide. Dark grey: contaminated regions; blue: disordered single-layer carbon 
networks or extended topological defects; red: ad-atoms or substitutions; green: isolated 
topological defects; yellow: holes and their edge reconstructions. Reproduced from [81] 
   
 Defects are generally introduced in the carbon materials during their synthesis.57 
However, post-synthesis defects can also be created with the help of strong oxidants, such as 
the mixture of nitric acid (HNO3) and potassium chlorate (KClO3) as proposed by B. C. 
Brodie in 1859, for the oxidation of graphene.82 Similarly, the Staudenmaier method 
combined fuming HNO3, concentrated sulfuric acid (H2SO4), and KClO3 for graphite 
oxidation.83 Further, Hummers and Offeman utilized sodium nitrate (NaNO3), potassium 
permanganate (KMnO4), and H2SO4 for further improving the process of graphene oxide 
(GO) synthesis.84 Following these works, new methods that facilitated the introduction of 
oxygen functionalities on carbons using ozone,85 oxygen plasma,86 gas-phase oxidation using 
nitric acid vapors,87 and several other strong oxidizing reagents were developed.  
 The introduction of defects and heteroatoms disrupts the delocalized electron cloud 
and alters the electronic properties at the carbon surface.88 Thus, the presence of defects and 
heteroatoms influences the role of carbons as catalysts. Specifically, in the case of carbons as 
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supports, heteroatom-containing surface functional groups provide anchoring points for metal 
precursors, essential for decorating the scaffolds with metal nanoparticles. Therefore, it is 
important to understand the interaction of these sites and the metal active phase for the 
design of carbon-supported catalysts.  
  
1.3.3 Carbons as catalyst supports 
 The synthesis of carbon-supported catalysts is a difficult task due the delicate balance 
that exists between the properties of the catalyst (particle size and shape) and its performance 
(activity, selectivity, and stability). This challenge is further aggravated by the lack of 
understanding of the interactions between the metal and the carbon scaffolds. Presently, 
methods for the synthesis of carbon-supported catalysts are based on the understanding 
developed from metal-oxide supported catalyst synthesis techniques with minor 
modifications based on surface properties of carbons.  
 One of the common methods for catalyst synthesis is incipient wetness impregnation. 
In this technique, the amount of the metal precursor solution is set equal to the pore volume 
of the support. The impregnation step is typically followed by drying, calcination, and 
reduction of the catalysts. The parameter that plays a major role in defining the properties of 
the final catalyst is the interaction between the metal and the support during each step of the 
synthesis. For example, the work of Brunelle in 1978 demonstrated that coulombic 
interactions between the metal precursor and the support are critical for the good dispersion 
of the active phase on the support.89 The work specifically highlights the importance of the 
pH of the precursor solution and the isoelectric point (IEP) of the support, which together 
govern the adsorption phenomena. However, the evolution of charge on the oxygen-
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functional groups with the pH is different for metal oxide materials and carbons. Silica is 
protonated at pH less than 1, remains almost neutral until in a pH range from 1 to 7, and only 
gets significantly charged at values over 7.89 Carbon materials, on the other hand demonstrate 
an IEP in the pH range of 2-4 for oxidized activated carbon, between 4-5 for graphitic carbon 
and 8-10 for activated carbon.90 The differences in the surface charging and zeta potential is 
due to the presence of a variety of oxygen-containing functional groups on carbons as 
opposed to hydroxyl groups on the metal oxide surfaces.  
 A variety of oxygen functionalities can be introduced on the surface of carbon 
materials as depicted in Figure 6. The functionalities on carbons can be divided into acidic, 
neutral, and basic groups. For instance, the carboxylic acid, quinone, and lactone groups 
demonstrate acidic behavior while phenols and ethers depict weakly acidic to neutral species. 
Depending on the amount and nature of the functional groups, the IEP of the carbon scaffolds 
varies, which influences the interaction between the metal precursor and the support. During 
the catalyst synthesis, an acidic precursor solution wherein the pH is lower than the pH of the 
isoelectric point (pHIEP) of the carbon, a positive charge will develop on its surface leading to 
increased adsorption of the anionic precursor species. On the other hand, if the pH of the 
solution is higher than the pHIEP, the carbon surface will develop a negative charge and 
thereby attract cationic precursor species. This amphoteric nature of carbons is represented in 
Figure 7.  
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Figure 6. Oxygen-functional groups on graphitic carbon. Adapted from [91] 
 
 The differences in interactions have been demonstrated to affect the metal dispersion 
and catalyst stability. In Pd catalysts supported on activated carbon and carbon black, it was 
shown that higher dispersions were achieved with increasing amount of oxygen functional 
groups on the surface.92 Similarly, for Pt catalysts, it was observed that the dispersion and 
sintering resistance increased with the amount of oxygen groups on the surface of activated 
carbon and carbon black.93 This handle on the catalyst properties that is provided by carbon 
materials, opens several possibilities for catalyst design making carbons an attractive class of 
scaffolds. 
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Figure 7. Amphoteric character of carbon materials. Adapted from [94] 
 
1.3.4 Challenges for carbons in catalysis 
 While a certain level of understanding of the properties of carbon materials and 
control on the synthesis of carbon-supported catalysts has been established, many challenges 
plague the application of carbons in catalysis. For instance, currently collections of carbon 
materials with varied amounts of graphitic and functionalized components exist and “the best 
material” for a specific catalytic application is determined empirically. There is limited 
scientific guidance on the choice of materials, even though general features of carbon's 
chemical and material properties (porosity, conductivity, mechanical stability, 
hydrophobicity, resistance to hydrolysis) make these substances very appealing for catalytic 
applications. The structure-property-function relationships, that are key to catalyst and 
catalyst-support choices, are not established for carbon as they are for common metal oxides 
such as silica, alumina, ceria, or titania.95, 96, 97 The nature (activated carbon, carbon black, 
nanotube, graphene) and the surface chemistry of the carbon support are known to impact the 
activity and stability of the catalysts.98 However, the origin of these differences is not well 
understood and the rules for rationally designing carbon-supported catalysts are still lacking. 
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This gap in knowledge acts as a barrier for the design of new catalysts.  
 Determining the structure-property relationships that link atom hybridization, 
structure and functional group compositions to the metal-support interactions and catalytic 
activity is critically important for establishing general design rules for developing catalysts.99, 
100 Previous attempts in this direction have failed due to the structural and chemical 
complexity of the studied carbons.101 For instance, in the studies focusing on understanding 
the effect of oxygen functionalized activated carbon on the catalyst performance, the 
influence of the graphitic domains and complex three-dimensional structures could not be 
elucidated.102, 103 The challenges caused by the porous structure of activated carbons could be 
partly addressed by utilizing synthetic supports such as CNTs due their hollow cylindrical 
tubular geometry. However, despite meticulous studies, the problems associated with the 
chemical properties of the CNTs and the nature of their interactions with the metal active 
phase remained unclear.43, 104, 105, 106 In addition to the differences in chemical properties of 
carbon materials, alterations in the electronic properties of carbons due to curvature or the 
incorporation of heteroatoms creates more barriers for the rational design of carbon-
supported catalysts.107, 108  
 Due to this complex nature of carbon materials, studies reported in the literature were 
not able to unravel the metal-support interaction effects for catalysts utilizing carbon 
scaffolds. Specifically, previous works did not permit to isolate the covalent (metal-carbon 
bonds) from the non-covalent (ligand-like) effects at the metal-carbon interface. Decoupling 
the electronic and chemical effects, from transport limitations is required for the development 
of general design principles for selective and stable catalysts. The current state-of-the-art has 
not achieved success in decoupling the chemical, electronic, and transport effects in carbon-
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based catalysts. This lack of understanding acts as a major roadblock in the rational design of 
carbon-supported catalysts and limits their applications for a broad array of reactions.    
  
1.4 Research rationale  
 Research efforts from computational studies have provided evidence for electronic 
interactions between the metal active phase and carbon supports. Theoretical calculations 
have been performed for various metal (Fe, Ni, Pd, Pt) clusters and nanoparticles interacting 
with carbon at the basal plane (graphene-like honeycomb structure), prismatic plane (stacked 
edges), and defect sites (vacancies).109, 110, 111, 112, 113, 114, 115, 116 All the calculations predicted 
important charge transfers between the metal and the carbon support. The intensity and 
direction of the charge transfer depend on the size of the metal cluster (5 to 100 atoms) and 
on the local electronic configuration of the carbon support, which varies with chirality, 
curvature, structure of the surface (basal vs prismatic), and the presence of heteroatoms 
(doping, functionalization).109, 112, 113, 114, 115 Despite the prediction of electronic metal-support 
interactions provided by theoretical calculations, there is little experimental evidence for 
these effects. 
 In addition to these non-covalent interactions, carbon atoms from the support may 
also penetrate the cluster and form new metal-carbon bonds at the interface.111, 117 The 
formation of interfacial non-stoichiometric carbide for 5 nm Ni particles supported on 
defective carbon (high sp3/sp2 ratio) has been observed.117 X-ray photoelectron spectroscopy 
(XPS) and X-ray absorption spectroscopy (XAS) investigation carried out by other groups on 
Pt/CNT samples revealed that covalent and non-covalent interactions at the metal-carbon 
interface also impact the electronic structure of metal atoms in the bulk and at the surface of 
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the nanoparticle. Differences in catalytic activity have been measured experimentally in 
agreement with these XPS/XAS investigations.118 The observed differences in catalytic 
activity are likely due to more than one effect. Although there is some understanding of these 
effects, an in-depth perspective of their influence on the interactions between the metal and 
the support is still missing. A fundamental understanding of each of these effects and 
strategies to control their contribution to the metal-support interactions need to be developed.   
 
1.5 Research hypothesis and overarching goals 
 Our research project is built on the hypothesis that contributions from covalent and 
non-covalent metal-support interactions to the catalytic activity can be isolated and studied 
systematically if the heterogeneous catalyst is synthesized using a bottom up approach and/or 
the structure of the support is controlled at the atomic level. In order to test our hypothesis, 
two main strategies will be utilized in this thesis. In the first approach, the support materials 
will be systematically chosen from commercially available ones and their properties will be 
controlled using simple thermochemical techniques. In the second strategy, carbon supports 
will be synthesized from scratch and precise control on the support properties will be 
developed. The combined information obtained from these two approaches will together help 
in tailoring the interfacial metal-support interactions.  
 The overarching goal of this work is to develop a detailed understanding of the 
influence of metal-support interactions, nature of the support material, support 
functionalization, and defects on the catalytic performance.  We will specifically probe the 
correlations between the properties of carbon materials and selectivity of supported noble 
metal catalysts for α,β- unsaturated aldehydes. The hydrothermal stability of carbon materials 
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could make the studied catalysts applicable for reactions in liquid water at high temperature. 
However, this aspect of stability will not be addressed in our work due to the challenges 
associated with sintering of metal nanoparticles under aqueous media at high temperatures, 
which makes it difficult to study the metal-support interaction effects. We will be exclusively 
focusing on tuning the catalyst performance for the selective hydrogenation of C=C vs C=O 
bonds that are commonly present in biomass-derived platform molecules. Our work will 
thereby establish general design principles for the development of selective carbon-based 
catalysts for biomass conversion reactions.  
 Our interdisciplinary approach, combining knowledge from materials chemistry and 
chemical engineering, will lead to a deeper understanding of carbon and nanocarbon supports 
for applications in catalysis. Our work will demonstrate that carbon is not an inert catalyst 
support despite its high structural and chemical stability in aggressive media; instead, 
nanocarbons with tailored functional properties actively contribute to the catalytic activity 
and facilitate desired reaction pathways. In addition, the results of this study will set the 
foundations for design rules that will guide future catalyst design for selective hydrogenation 
reactions beyond the compounds studied within the framework of this project.  
 
1.6 Scope and outline of the thesis 
 In an effort to develop a fundamental understanding of the metal-support interactions 
for carbon-supported catalysts, three studies will be presented. In Chapter 1, a literature 
review focused on the importance and challenges of carbon materials in catalysis has been 
presented. This chapter provides a background and an outline for the overall objectives of 
this thesis. Chapter 2 investigates the effects of diffusion limitations in batch and flow 
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reactors under the conditions of interest for this work. Chapter 3 is a detailed study that 
provides strong evidence for the presence of electronic metal-support interaction effects for 
palladium on carbon catalysts. It establishes coherent trends between the properties of the 
carbon scaffolds, the amount of charge transfer between the metal and the support, and the 
performance of the catalysts, thereby providing a handle on the design of the next generation 
of carbon-based catalysts. Chapter 4 furthers the understanding of the impact of palladium 
particle size and interfacial metal-support interactions on the performance of Pd/C catalysts. 
Chapter 5 develops correlations between the electronic nature of different types of carbons 
and their influence on the metal-support interaction effects. These chapters are standalone 
manuscripts and have been formatted in a journal specific manner. Chapters 6 and 7 provide 
a conclusion for the work conducted thus far and a plan for the future direction, respectively.  
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 CHAPTER 2 
CONSIDERATIONS FOR INVESTIGATING METAL-SUPPORT INTERACTIONS: 
DIFFUSION LIMITATIONS IN BATCH AND FLOW REACTORS 
 
2.1 Introduction 
 Metal-support interactions and their effect on catalytic activity are challenging to 
investigate due to the possible contribution of experimental artifacts (e.g. diffusion 
limitations) to the observed reactivity trends. To address this issue, it is advisable to first 
identify experimental conditions under which the internal and external mass transfers of the 
reactants to the active sites do not limit the kinetics of the reaction. For liquid-phase 
hydrogenation reactions, these limitations are typically associated with the poor solubility of 
hydrogen in the solvent. The rate of the reaction is then controlled by the availability of 
hydrogen, which makes it challenging to accurately compare the activity of the investigated 
catalysts. To address this issue, it is common to run the hydrogenation reactions in high 
pressure batch or packed bed reactors to increase the mole fraction of hydrogen dissolved in 
the liquid phase. However, this approach comes with a major tradeoff in the case of 
palladium catalysts as it is well-established that hydrogen dissolves in the palladium lattice at 
high pressure to form the β-hydride phase. The reactivity of surface (α-hydride) and sub-
surface (β-hydride) hydrogen atoms is drastically different. For example, in the case of the 
selective hydrogenation of alkynes to alkenes, surface hydrogen was shown to selectively 
hydrogenate the carbon-carbon triple bond to the desired alkene double bond. In contrast, 
sub-surface hydrogen leads to the over-hydrogenated alkane.1 This adds another layer of 
complexity when investigating metal-support interactions for Pd/C as the support may 
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influence the formation and the reactivity of the two hydrides differently. Therefore, we were 
confronted to a dilemma at the beginning of this project: chemical engineering principles 
motivated us to use a high pressure packed bed reactor for addressing mass transfer 
limitations while materials science considerations encouraged us to keep the hydrogen 
pressure low to prevent the formation of the β-hydride phase. 
 In this chapter, we apply chemical engineering principles to estimate the effects of 
internal and external mass transfers for two reactor configurations: a low pressure (1 bar) 
batch reactor and a high pressure (5 bar) packed bed flow reactor. These calculations were 
used to guide the experimental work throughout this thesis. 
  
2.2 Batch Reactors: Internal Mass Transfer Effects 
 Cinnamaldehyde hydrogenation was used as the probe reaction to investigate the 
differences in performance of catalysts throughout this doctoral work. These hydrogenation 
tests were first conducted in a three-neck round bottom flask glass reactor using experimental 
conditions reported by other groups.2 100 mg of the 5 wt% Pd on carbon catalyst was added 
to the reactor with 40 ml dioxane (99.8% purity, Sigma-Aldrich) and 365 mg decane (internal 
standard; ≥ 99% purity, Sigma-Aldrich) along with a stir bar. The flask was then connected 
to a condenser maintained at 4 °C to allow the re-condensation of the dioxane vapors formed 
upon heating and thereby minimize solvent losses during the reaction. The reactor was placed 
in an oil bath and stirred at 500 rpm. Initially, the bath temperature was maintained at room 
temperature using an IKA-RCT magnetic stir plate equipped with a PT1000 thermocouple. 
Bronkhorst mass flow controllers and a fine frit (10 – 20 µm porosity) were used to control 
gas flows to the reactor. The reactor was purged with nitrogen gas at 20 ml min-1 for 20 min 
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at room temperature to remove any oxygen dissolved in the solvent. Following this, the 
temperature of the oil bath was ramped to 80 °C and simultaneously the gas flow was 
switched to hydrogen at 20 ml min-1 at ambient pressure for 30 min. 5 g of cinnamaldehyde 
was dissolved in 10 ml of dioxane and added to the reactor using the third neck, which was 
fitted with a rubber septum and a syringe needle. This addition of cinnamaldehyde marked 
the start time of the reaction. The hydrogen flow rate was maintained at 20 ml min-1 under 
ambient pressure throughout the experiment. 200 µl samples were withdrawn every 15 min, 
collected in pre-cooled glass vials, and refrigerated immediately to quench the reaction and 
prevent solvent losses. All catalytic tests were conducted in triplicates.  
 The reaction samples were diluted 15 times with dioxane and filtered using 0.22 µm 
nylon filters. 1 µl of this diluted sample was then injected in an Agilent 7890 A gas 
chromatograph (GC) equipped with an HP-5 column (30 m X 320 µm X 0.25 µm) and a 
flame ionization detector (FID). A split ratio of 20:1 at 20 ml min-1, inlet heater temperature 
of 300 °C, total flow of 24 ml min-1, septum purge flow of 3 ml min-1, and column flow of 1 
ml min-1 were used. The initial temperature of the oven was maintained at 40 °C for 1 min 
and then increased to 180 °C with a ramp rate of 10 °C min-1. The temperature of the FID 
heater was maintained at 300 °C. 
 Stacked cup carbon nanotube (SCCNT) catalyst support is represented by a 
cylindrical geometry as depicted in Figure 1. Component A is hydrogen and B is 
cinnamaldehyde. The molar fluxes of the components A and B are represented by NA and NB 
respectively. The length of the SCCNT is represented by L and its inner radius is represented 
by R. 
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 The following assumptions were made while conducting the internal mass transfer 
analysis: i) concentration of component A (CA) and concentration of component B (CB)  is 
constant in the radial direction, ii) reaction only occurs on the catalyst surface, and iii) the 
system is under steady state.  
 
 
Figure 1. Representation of the cylindrical stacked cup carbon nanotube of length L and inner 
radius R.   
 
 Based on the kinetic trace of the reaction (Figure 2), which depicts a straight-line plot 
for the change in cinnamaldehyde concentration with time, the reaction was assumed to be 0th 
order with respect to cinnamaldehyde. The reaction was considered to be 1st order with 
respect to hydrogen, based on the common assumption for this reaction as reported in the 
literature.11  
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Figure S2. Catalytic trace for palladium catalyst supported on pyrolytically stripped SCCNTs 
conducted at 80 °C, stirring rate = 500 rpm, hydrogen flow rate = 20 ml min-1, mass of 
catalyst = 100 mg, and mass of cinnamaldehyde = 5 g.  
 
 Mass balance analysis on component A is represented by equation 1: 
ሺߨܴଶ ஺ܰሻ│௭ െ ሺߨܴଶ ஺ܰሻ│௭ା௱௭ െ ݇௔ܥ஺2ߨܴ߂ݖ ൌ 0	 ሺ1ሻ 
Divide by πRΔz and take limit of Δz tending to 0, to obtain equation 2: 
െܴ ݀ ஺ܰ݀ݖ െ 2݇௔ܥ஺ ൌ 0	 ሺ2ሻ 
Fick’s law for molar flux of component A is defined in equation 3: 
஺ܰ ൌ െܦ஺ ݀ܥ஺݀ݖ 	 ሺ3ሻ 
where, DA is the effective diffusion coefficient of the reactant A, which is hydrogen.  
Substituting equation 3 in equation 2, we obtain equation 4: 
ܴܦ஺ ݀
ଶܥ஺
݀ݖଶ െ 2݇௔ܥ஺ ൌ 0	 ሺ4ሻ 
where, ka is the reaction rate constant based on catalyst surface area.  
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In order to non-dimensionalize the equation, we define the following parameters: 
ݕ ൌ ܥ஺ܥ஺ௌ 	 ሺ5ሻ 
where, CAS is the concentration of the reactant A in the bulk of the solvent.  
x ൌ ݖܮ	 ሺ6ሻ 
Using the parameters defined in equation 5 and 6, equation 4 can be written as: 
ܴܦ஺ ܥ஺ௌܮଶ
݀ଶݕ
݀ݔଶ െ 2݇௔ܥ஺ௌݕ ൌ 0	 ሺ7ሻ 
Rearranging terms to obtain:  
݀ଶݕ
݀ݔଶ െ
2݇௔ܮଶ
ܴܦ஺ ݕ ൌ 0	 ሺ8ሻ 
We now define the Thiele modulus (߮ 2), as follows: 
߮ଶ ൌ 2݇௔ܮ
ଶ
ܴܦ஺ ሺ9ሻ 
Substituting equation 9 in equation 8, we obtain:  
݀ଶݕ
݀ݔଶ െ ߮
ଶݕ ൌ 0	 ሺ10ሻ 
The solution to the differential equation described above is as follows: 
ݕ ൌ ܿଶ sinhሺ߮ݔሻ ൅ ܿଵ coshሺ߮ݔሻ	 ሺ11ሻ 
 The boundary conditions for this system can be defined as follows: at ݔ ൌ 0, ௗ௬ௗ௫ ൌ 0 
and at ݔ ൌ ଵଶ, ݕ ൌ 1. Using these boundary conditions and the equation 11 can be written as 
follows: 
ݕ ൌ sech ቀ߮2ቁ coshሺ߮ݔሻ	 ሺ12ሻ 
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 Effectiveness factor (η) is defined as the ratio of the actual rate of the reaction to the 
rate of reaction with no diffusion limitations, as represented below: 
ߟ ൌ 	
ܦ஺ߨܴଶ ቀ݀ܥ஺݀ݖ ቁ│௭ୀ௅ଶ
	݇௔ܥ஺ௌ2ߨܴ ܮ2
	 ሺ13ሻ 
 Non-dimensionalizing equation 13 using the parameters defined in equation 5 and 6, 
and the Thiele modulus as defined in equation 9, we obtain:  
ߟ ൌ 	 2߮ଶ ൬
݀ݕ
݀ݔ൰│௫ୀଵଶ ሺ14ሻ 
Differentiating equation 12 with respect to x, we obtain: 
൬݀ݕ݀ݔ൰│௫ୀଵଶ ൌ sech ቀ
߮
2ቁ߮ sinh ቀ
߮
2ቁ ሺ15ሻ 
Substituting equation 15 in equation 14, we obtain the effectiveness factor to be as follows: 
ߟ ൌ 	 2߮ tanh ቀ
߮
2ቁ ሺ16ሻ 
 To calculate the Thiele modulus using equation 9, the value of ka was calculated by 
multiplying the kv, the rate constant based on catalyst volume, which was obtained from the 
catalytic data, with the characteristic length, a, defined as follows: 
ܽ ൌ ܸ݋݈ݑ݉݁ܵݑݎ݂ܽܿ݁	ܽݎ݁ܽ 	 ሺ17ሻ 
For a tubular catalyst, volume of the inner pore is πR2L and the inner surface area of the pore 
open on both ends is 2πRL. This results in the characteristic length of R/2. The values for the 
inner radius of the tube and the length were obtained to be 17.5 nm and 10 µm, respectively, 
from the literature.12 Therefore, the value of a was 8.75 nm.  
 kv was obtained to be 1.07 s-1 from the kinetic data and multiplying the kv with a, the 
value of ka was obtained to be 9.3625 x 10-9 m s-1. The effective diffusion coefficient for 
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hydrogen was taken to be 8.4 x 10-9 m2 s-1 based on the calculations reported by Toebes et 
al.13 
 Substituting these values in equation 9, the Thiele modulus (߮ 2) was estimated to be 
0.013. The effectiveness factor (η) was estimated to be 0.999 using equation 16 and the 
above obtained value of ߮ 2. This combination of the Thiele modulus and effectiveness factor 
confirms that the reaction is not mass transfer limited in hydrogen under the conditions used 
in this study.  
 For studying the internal mass transfer limitations on component B, which is 
cinnamaldehyde, mass balance was conducted using equation 18: 
ሺߨܴଶ ஻ܰሻ│௭ െ ሺߨܴଶ ஻ܰሻ│௭ା௱௭ െ ݇௔ܥ஺2ߨܴ߂ݖ ൌ 0	 ሺ18ሻ 
Divide by πRΔz and take limit of Δz tending to 0, to obtain equation 19: 
െܴ ݀ ஻ܰ݀ݖ െ 2݇௔ܥ஺ ൌ 0	 ሺ19ሻ 
Fick’s law for molar flux of component B is defined in equation 20: 
஻ܰ ൌ െܦ஻ ݀ܥ஻݀ݖ 	 ሺ20ሻ 
where, DB is the effective diffusion coefficient of the reactant B, which is cinnamaldehyde.   
Substituting equation 20 in equation 19, we obtain equation 21: 
ܴܦ஻ ݀
ଶܥ஻
݀ݖଶ െ 2݇௔ܥ஺ ൌ 0	 ሺ21ሻ 
Using equation 5 and 12 and using the value of ߮ 2 of 0.013 as obtained earlier, CA was 
obtained to be: 
ܥ஺ ൌ ܥ஺ௌcosh ൬0.114ݖܮ ൰	 ሺ22ሻ 
Substituting equation 22 in 21, we obtain:  
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ܴܦ஻ ݀
ଶܥ஻
݀ݖଶ െ 2݇௔ ܥ஺ௌcosh ൬
0.114ݖ
ܮ ൰ 	ൌ 0	 ሺ23ሻ 
In order to non-dimensionalize the equation, we define the following parameter: 
ߙ ൌ ܥ஻ܥ஻ௌ 	 ሺ24ሻ 
where, CBS is the concentration of the reactant B in the bulk of the solvent.  
Using the parameters defined in equation 6 and 24, equation 23 can be written as: 
ܴܦ஻ ܥ஻ௌܮଶ
݀ଶߙ
݀ݔଶ െ 2݇௔ܥ஺ௌcosh	ሺ0.114ݔሻ ൌ 0	 ሺ25ሻ 
Rearranging terms to obtain:  
݀ଶߙ
݀ݔଶ െ
2݇௔ܮଶܥ஺ௌ
ܴܦ஻ܥ஻ௌ cosh	ሺ0.114ݔሻ ൌ 0	 ሺ26ሻ 
We now define the Thiele modulus (߮′ 2), as follows: 
߮′ଶ ൌ 2݇௔ܮ
ଶܥ஺ௌ
ܴܦ஻ܥ஻ௌ ሺ27ሻ 
Substituting equation 27 in equation 26, we obtain:  
݀ଶߙ
݀ݔଶ െ ߮
ᇱଶcosh	ሺ0.114ݔሻ ൌ 0	 ሺ28ሻ 
The solution to the differential equation described above is as follows: 
ߙ ൌ ߮
ᇱଶ coshሺ0.114ݔሻ
ሺ0.114ሻଶ ൅ ܿଶݔ ൅ ܿଵ ሺ29ሻ 
 The boundary conditions for this system can be defined as follows: at ݔ ൌ 0, ௗఈௗ௫ ൌ 0 
and at ݔ ൌ ଵଶ, ߙ ൌ 1. Using these boundary conditions and the equation 29 can be written as 
follows: 
ߙ ൌ 1 െ 77.0718߮ᇱଶ ൅ ߮
ᇱଶ coshሺ0.114ݔሻ
ሺ0.114ሻଶ ሺ30ሻ 
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 To calculate the value of ߮′ 2, CAS was estimated using the following equation 
obtained from the literature (Equation 3):14  
ln	xଵ ൌ 	െ5.7347 െ 8.6743T
100	K
	 ሺ31ሻ 
where, x1 is the mole fraction of hydrogen in dioxane and T is the temperature of the 
solubility test in K.  
 Using equation (31), the mole fraction of hydrogen in dioxane at 80 °C was estimated 
to be 2.77 x 10-4.14 This mole fraction represents a concentration of 6.47 x 10-6 g ml-1 of 
hydrogen in dioxane. The concentration of cinnamaldehyde at 0% conversion was known 
based on the amount of reactant added and confirmed using the GC-FID analysis to be 90 mg 
ml-1. At 10% conversion, the concentration of cinnamaldehyde was 81 mg ml-1. The effective 
diffusion coefficient for cinnmaldehyde was taken to be 2 x 10-9 m2 s-1 based on the 
calculations reported by Toebes et al.13 With the help of these values and equation 27, the 
Thiele modulus was estimated to be 3.846 x 10-6 and 4.273 x 10-6 at 0 and 10% conversion, 
respectively.  
 The effectiveness factor (η’) is defined as the ratio of the actual rate of the reaction to 
the rate of reaction with no diffusion limitations, as represented below: 
ߟ′ ൌ 	
ܦ஻ߨܴଶ ቀ݀ܥ஻݀ݖ ቁ│௭ୀ௅ଶ
	݇௔ܥ஺ௌ2ߨܴ ܮ2
	 ሺ32ሻ 
Non-dimensionalizing equation 32 using the parameters defined in equation 6 and 24, and the 
Thiele modulus as defined in equation 27, we obtain:  
ߟ′ ൌ 	 2߮′ଶ ൬
݀ߙ
݀ݔ൰│௫ୀଵଶ ሺ33ሻ 
Differentiating equation 30 with respect to x, we obtain: 
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൬݀ߙ݀ݔ൰│௫ୀଵଶ ൌ
߮ᇱଶ 0.114	sinhሺ0.057ሻ
ሺ0.114ሻଶ ሺ34ሻ 
Substituting equation 34 in equation 33, we obtain the effectiveness factor to be as follows: 
ߟ′ ൌ 2 sinhሺ0.057ሻ0.114 ሺ35ሻ 
 The effectiveness factor was obtained to be 1 for the values of ߮′ 2 of 3.846 x 10-6 and 
4.273 x 10-6 at 0 and 10% conversion, respectively. This combination of the Thiele modulus 
and effectiveness factor confirms that the reaction is not mass transfer limited in 
cinnmaldehyde under the conditions used in this study. 
 
2.3 Batch Reactors: External Mass Transfer Effects 
 The effects of external mass transfer in the batch reactor were estimated using the 
mass transfer Biot number (Bim), which allows us to compare the pore diffusion and film 
diffusion effects. The Bim was estimated with the following equation:15 
Bi୫ ൌ k୫aD୅ 	 ሺ36ሻ 
 where, km is the mass transfer coefficient and DA is the effective diffusion coefficient of 
reactant A.  
 The value of a was obtained from equation 17 but this time using the external surface 
area and volume of the SCCNTs. The value of the outer radius of the tube was obtained to be 
40 nm resulting in the characteristic length of 20 nm.  
 As the value of a and DA are already known, km is the only unknown in the equation 
for calculating the Bim. The value of km was estimated using the Sherwood number (Sh) 
based on the Churchill Bernstein equation, as described below: 
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Sh ൌ 0.3 ൅ 0.62Re
ଵ
ଶ	Scଵଷ
൥1 ൅ ቀ0.4Sc ቁ
ଶ
ଷ	൩
ଵ
ସ
	቎1 ൅ ൬ Re282000൰
ହ
଼቏
ସ
ହ
ൌ 	 k୫aD ሺ37ሻ 
where, Re is the Reynolds number, Sc is the Schmidt number, and D is the mass diffusivity. 
 This equation is applicable to a large range of Reynolds (Re) and Schmidt (Sc) 
numbers (Re.Sc > 0.4), as reported in previous studies.16 The Re was estimated using the 
following equation:  
Re ൌ ߩݒLୡμ 	 ሺ38ሻ 
where, ρ is the density of dioxane, v is the linear velocity of the agitator tip = angular 
velocity of the agitator (ω) x radius of the agitator (r’), Lc is the agitator diameter, and µ is 
the dynamic viscosity of dioxane.  
 The value of ρ and µ for dioxane at 298.15 K was taken to be 1028 kg m-3 and 1.177 
kg m-1 s-1, as reported in the literature.17 The stir bar used in the experiment was cylindrical 
in shape with a diameter of 0.75 cm and a length of 2.5 cm. Using these dimensions, the Lc 
was estimated to be 0.1875 x 10-2 m and the v was obtained to be 0.049 rad m s-1 for a 
stirring speed of 500 rpm. Substituting these values in equation 38, the Re was estimated to 
be 53.46.  
 Based on literature data, Sc for liquid-phase is expected to be in the range of 102 to 
104 and the mass diffusivities are expected to be in the range of 10-9.17-18 With the help of 
these values and the estimates for DA and DB as obtained earlier from the literature, the Bim 
was calculated. The Bim > 1 and of ߮′ 2 < 1 for all values of Re > 53.46. This confirmed that 
the reaction was not externally mass transfer limited in hydrogen or cinnamaldehyde.  
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2.4 Flow Reactors: Internal Mass Transfer Effects 
 The batch reactor used in this study consists of a glass round bottom flask set-up, 
which results in limitations in hydrogen pressure and flow rate. In order to overcome this 
challenge, a three-phase packed bed upflow reactor was designed. Herein, the gas flow rate 
was controlled using a Brooks SLA 5850 mass flow controller connected to a Brooks 0254 
control unit. The liquid flow rate was controlled using a Lab Alliance Series II HPLC PEEK 
pump. The PEEK material of the pump was specifically chosen due to challenges associated 
with the compatibility of the reactant mixture components and the stainless steel pump heads. 
A cinnamaldehyde concentration of 100 mg/ml in dioxane, with decane as internal standard, 
and a hydrogen gas pressure of 5 bar were utilized for flow reactor catalytic tests. The reactor 
bed temperature was maintained at 80 °C using a metallic block for uniform distribution of 
heat, wrapped with a HTS Amptek Mono Heating Tape (208 Watts and 120 Volts), and 
regulated using a Type K thermocouple connected to a CSI32K benchtop temperature 
controller. The reactor was connected to a condenser maintained at 4 °C to avoid evaporation 
of solvent. 6 ml liquid samples were collected in 20 ml glass vials. The reaction samples 
were diluted 15 times in dioxane, filtered using a 0.22 µm nylon filter, and analyzed using 
the GC-FID, using a similar method as described earlier for the batch experiments.   
 Stainless steel reactors of 6.5” length, a wall thickness of 0.028”, and an outer 
diameter of 0.25” were utilized in this study. The beds were packed with 2.5” of silica chips 
(4-20 mesh size), the catalyst layer, and 2.0” of glass beads (45-90 µm, acid washed with 
nitric acid to remove metallic impurities). Each layer was alternated with 0.5” of quartz wool 
to provide separation of the contents and ensure bed packing. The 45-90 µm glass beads were 
utilized to allow catalyst entrapment under the flow conditions. The commercial 5 wt% 
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palladium on activated carbon catalyst (Sigma Aldrich) was utilized for this study because it 
offers a control on the catalyst particle size, a factor that is constrained in the home-made 
SCCNT catalysts. Prior to use, the catalysts were sieved and the 45-90 µm sieve fraction was 
utilized for the tests. The average particle diameter and radius for this sieve fraction were 
calculated to be 67.5 µm and 33.75 µm, respectively.  
 The effects of internal mass transfer in the flow reactor were studied by estimating the 
Thiele modulus (߮ 2) and effectiveness factor (η) using similar methods as reported in section 
2.2, for spherical catalyst particles. As the particles in this case are spherical, the 
characteristic length (a) was considered to be equal to the average particle radius of 33.75 
µm. The concentration of dissolved hydrogen at 5 bar was estimated to be 3.143 x 10-4 g ml-1 
based on the hydrogen solubility in dioxane at high pressures as reported in the literature.9 
Cinnamaldehyde conversion of ~40% was observed for catalytic tests that were conducted 
using 15 mg of catalyst, 75 ml min-1 of hydrogen flow rate, and 0.6 ml min-1 of liquid flow 
rate. Based on a 40% conversion, the rate of the reaction was estimated to be 13990 g m-3 s-1. 
With the help of these parameters, a Thiele modulus of 6.04 and an effectiveness factor of 
0.74 was obtained for hydrogen, indicating that the reaction was limited by internal mass 
transfer for hydrogen. Further, a Thiele modulus of 132.8 and an effectiveness factor of 0.24 
were obtained for cinnamaldehyde indicating that the reaction was internal mass transfer 
limited for cinnamaldehyde as well. The non-internal mass transfer limited regime for the 
flow reactor system will require future tests with varying catalyst support diameter. 
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2.5 Flow Reactors: External Mass Transfer Effects 
 In order to obtain reaction conditions that were free from external mass transfer 
limitations, the gas (G) and liquid (L) flow rates were increased proportionally to the catalyst 
volume (v). These proportional changes ensured that the space velocity remained constant as 
the mass flow rate increased.10 If the reactant conversion does not vary with the mass flow, 
then it can be safely concluded that the apparent reaction rate is not limited by the external 
transfers.10 A pictorial representation of the theoretical method discussed above is depicted in 
Figure 3. In order to study the effect of external limitation in our reactor system, reactor beds 
were packed with increasing amounts of catalyst (10, 15, 17.5, 20, and 22.5 mg). Hydrogen 
gas (50, 75, 87.5, 100, and 112.5 ml min-1) and liquid flow rate (0.4, 0.6, 0.7, 0.8, and 0.9 ml 
min-1) were proportionally changed with the increasing catalyst amounts. All the tests were 
conducted in triplicates. The cinnamaldehyde conversion was measured and plotted against 
the flow rate (Figure 3). In coherence with the theoretical methods, a combination of 15 mg 
of catalyst, 75 ml min-1 of hydrogen gas flow rate, and a liquid flow rate of 0.6 ml min-1 or 
proportionally higher amounts depicted a non-external mass transfer limited regime (Figure 
4).   
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Figure 3. Representation of the theoretical method for detecting a limitation in external mass 
transfer in a flow reactor.10  
 
Figure 4. Experimental results for the conversion of CALD with proportional changes in 
catalyst amount with hydrogen and liquid flow rate.  
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2.6 Conclusions  
 Detailed analysis of mass transfer effects in the batch reactor under the reaction 
conditions of interest revealed that the system was free from internal and external diffusion 
limitations for both hydrogen and cinnamaldehyde. On the other hand, the high pressure flow 
reactor system was free from external diffusion limitation but it demonstrated internal 
diffusion limitations for both the reactants under the conditions utilized in this work. These 
results are counter-intuitive as the mole fraction of dissolved hydrogen increases with the 
hydrogen pressure and one would expect that the reaction becomes kinetically limited at high 
pressure. However, at 5 bar the reaction rate increases faster (due to the 1st order of the 
reaction with respect to hydrogen) than the amount of dissolved hydrogen, causing the 
reaction to become mass transfer limited.  
The ambient pressure batch reactor system was selected for testing the catalytic 
materials developed in this work due to several reasons. Firstly, the successful elimination of 
diffusion limitations allowed for a direct comparison of the activity and selectivity of 
catalysts. Additionally, the low partial pressure of hydrogen in this system prevents the 
formation of the palladium β-hydride phase, which further simplifies a direct comparison of 
catalysts. Specifically, the absence of β-hydride ensures that the catalytic performance 
observed in this work can be correlated with the support properties and is not an artifact due 
the coexistence of multiple hydride phases.  
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Abstract  
Controlling the charge transfer between a semiconducting catalyst carrier and the 
supported transition metal active phase represents an elite strategy for fine turning the 
electronic structure of the catalytic centers, hence their activity and selectivity. These 
phenomena have been theoretically and experimentally elucidated for oxide supports but 
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remain poorly understood for carbons due to their complex nanoscale structure. Here, we 
combine advanced spectroscopy and microscopy on model Pd/C samples to decouple the 
electronic and surface chemistry effects on catalytic performance. Our investigations reveal 
trends between the charge distribution at the palladium–carbon interface and the metal’s 
selectivity for hydrogenation of multifunctional chemicals. These electronic effects are 
strong enough to affect the performance of large (~5 nm) Pd particles. Our results also 
demonstrate how simple thermal treatments can be used to tune the interfacial charge 
distribution, hereby providing a strategy to rationally design carbon-supported catalysts. 
 
3.1 Introduction 
 The performance of a catalyst, hence the rate and selectivity of the reaction, can be 
tailored by controlling the electronic structure of its active sites1, 2. Common strategies to 
achieve the desired properties consist in adjusting the composition, crystallographic structure, 
particle size, and geometry of the active phase3, 4, 5. In homogeneous catalysis, electron-
donating and electron-withdrawing ligands provide an additional route to modulate the 
electronic structure of metal catalysts6. Analogous effects where charge density is transferred 
between the metal and the support are known in heterogeneous catalysis since the 1960s 
when Schwab explained these phenomena using solid state physics7, 8. However, harnessing 
these electronic metal-support interactions (EMSI) for the rational design of heterogeneous 
catalysts has proven to be difficult to implement, specifically due to the reconstruction of 
studied catalysts under reaction conditions that obscure the desired electronic effects2, 9, 10. 
For example, the performance of Pt-group metal nanoparticles supported on reducible oxides 
was dominated by the partial reduction of the support followed by migration of suboxide 
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species onto the metal active phase, causing its encapsulation with an impermeable oxide 
overlayer10. Migration of the support onto the metal active phase is widespread for oxide 
scaffolds and it has created controversies on the possibility to harness charge transfer effects 
for the rational design of supported catalysts2, 8, 9, 10, 11, 12. Yet, several examples suggest that 
strong interactions with the support could enhance the catalytic performance of transition 
metals as much as the nature of the metal itself13. 
 Carbon supports represent an obvious alternative to oxides to study electronic metal-
support interactions and eliminate the challenges associated with atom migration and metal 
encapsulation14. However, a detailed analysis of the literature demonstrates that previous 
attempts to understand EMSI effects for carbons have failed due to the structural and 
chemical complexity of the studied materials15. Experiments performed on conventional 
activated carbons and carbon blacks did not permit to decouple electronic, polar, and acid-
base interactions, and assess their individual impact on substrate adsorption and activation16. 
The structure-property relationships that link atom hybridization, structure, heteroatom 
concentration, and functional group composition for the support with electronic structure and 
catalytic activity of the metal sites are lacking, which are in turn key to establish general 
rules for rational catalyst design17, 18. 
 Despite the challenges in establishing a fundamental understanding of carbon 
materials as catalyst supports, they are common in heterogeneous catalysis due to their 
relative inertness compared to conventional oxides. While it is true that carbons do not 
participate directly in the reaction being catalyzed, these supports can significantly affect the 
observed activity by altering the adsorption of the reactants. For example, acid-base 
interactions between CO2 and nitrogen-functionalized carbon supports increased the rate for 
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CO2 reduction by almost two fold19. In other studies, the functionalization of the carbon 
support with oxygen moieties altered its hydrophilic-hydrophobic character, which in turn 
modified the reactant’s adsorption mode and the selectivity of the reaction20. Conversely, 
electronic effects such as charge transfer between the metal and carbon scaffold were not 
addressed,20, 21, 22, 23 although it is now well-established that heteroatoms located at defect 
sites alter the electronic properties of graphene and graphenic carbons24, 25. Specifically, the 
electronic perturbations caused by nitrogen and sulphur can be significant as inert carbons 
became catalytically active as a result of the doping process. Recent reviews dedicated to 
these carbocatalysts demonstrate that their applications are widespread and span from water 
electrolysis to desulfurization and organic coupling reactions15, 26. The effect of 
functionalization and doping with oxygen on electronic properties has received significantly 
less attention, probably due to the abundance of oxygen-containing species on carbons 
materials stored in air and the relative inertness of these materials. Yet, in the photonics field, 
oxygen was shown to significantly alter the optoelectronic properties of graphene oxide by 
modulating its band gap27. Therefore, conventional carbon supports bearing oxygen 
functionalities may exhibit electronic properties that remain to be harnessed for catalytic 
applications. 
 Here, we demonstrate that the graphitic character and surface functionalization of 
model carbon supports alter their interaction with palladium (Pd) nanoparticles and affect 
their selectivity for the hydrogenation of cinnamaldehyde, a model α,β-unsaturated 
compound. X-ray photoelectron spectroscopy (XPS) using synchrotron radiation shows a 
charge redistribution at the Pd-carbon interface that is consistent with the observed changes 
in catalytic activity. Combining spectroscopy, microscopy, and chemisorption techniques 
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with DFT calculations further reveals a direct relationship between the oxygen concentration 
at the support’s surface, the charge distribution at the Pd-C interface, and the catalytic 
activity. These results demonstrate that the oxygen functionalities commonly found on 
carbon-supported catalysts alter both the surface chemistry and electronic properties of the 
support. The charge depletion layer is large enough to influence the performance of 5 nm Pd 
nanoparticles although particles of this size are expected to display bulk-like properties. Our 
results also show that the interfacial charge distribution can be controlled using thermal 
treatments, thus providing a simple yet powerful method for fine-tuning the performance of 
the supported metal catalyst. 
 
3.2 Results 
3.2.1 Synthesis of carbon supports with tailored properties 
 Stacked cup carbon nanotubes (SCCNTs) were strategically chosen as supports due to 
their reduced structural and chemical complexity compared to conventional activated carbon 
and carbon black supports. SCCNTs consist of a well-defined tubular structure terminated 
with a layer of disordered graphenic carbon28, 29. This layer offers opportunities to tailor the 
surface properties through chemical functionalization and high temperature annealing 
without altering the support’s morphology, surface area, and porosity. Hence diffusion and 
mass transfer for the corresponding catalysts are unaffected by these treatments and their 
performance can be easily compared28, 29.  
 Two series of samples labelled PS-HHT and PS200-PS1000 were prepared to 
distinguish the effects of graphitization and surface functionalization, respectively. For the 
first series, SCCNTs were thermally annealed at 700 °C (PS), 1500 °C (LHT), and 3000 °C 
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(HHT) post synthesis to graphitize the graphenic carbon (Fig. 1)28. This process follows the 
well-established graphitization mechanism demonstrated by Oberlin30 (vide infra). The 
samples were subsequently treated with nitric acid to remove any inorganic impurities 
resulting from the synthesis and/or annealing treatment (Supplementary Fig. 3). Raman 
spectroscopy and C1s XPS confirmed that the graphitic character of the support increased 
with the treatment temperature, reaching a quasi-graphitic state at 3000 °C (Supplementary 
Fig. 1 and 2 and Supplementary Table 1). The treatment with nitric acid simultaneously 
oxidized the surface of the SCCNTs (Supplementary Table 1). For the second series, the PS  
 
 
Figure 1. Schematic representation of the studied catalysts.  The graphitic character and 
chemistry of the carbon surface were tailored without altering the textural properties of the 
support, thus enabling an accurate comparison of the catalytic performance of the studied 
materials. Two sample series were prepared: Pd nanoparticles were deposited onto (a) 
supports of increasing graphitic character (PS, LHT, HHT), and (b) PS supports partially 
defunctionalized through annealing at temperatures ranging between 200 °C (PS200) and 
1000 °C (PS1000). The color coding matches the colors used in Figure 4, where red 
represents the carbon support and blue represents the palladium nanoparticles. 
 
sample was partially defunctionalized under inert atmosphere at selected temperatures 
ranging between 200 °C and 1000 °C (PS200, PS400, PS600, PS800, PS1000). The PS-
PS1000 support series thus obtained presented a decreasing concentration of surface oxygen 
functionalities as demonstrated by the O1s/C1s ratio obtained from XPS, with minor changes 
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in the graphitic character as confirmed by Raman spectroscopy (Supplementary Table 1). 
The trends observed for surface functionalization and graphitization with annealing 
temperature were consistent with previous studies28, 29, 31. It is important to note that all the 
supports displayed uniform textural properties despite the changes in the surface chemistry, 
which makes them the support material of choice in this work28.  
 
3.2.2 Hydrogenation activity of Pd on SCCNT catalysts 
 The Pd/SCCNT catalysts were prepared by incipient wetness impregnation of the 
tailored supports using an aqueous solution of palladium nitrate. This precursor was preferred 
over other salts as its reduction yields Pd nanoparticles free of any organic and inorganic 
impurities. The use of surfactants to obtain monodisperse particles was not considered either 
due to the possible modification of the steric and electronic properties of the metal active 
sites by the surfactants32, 33, 34. The obtained catalysts were tested for the ambient pressure 
and low temperature (80°C) hydrogenation of cinnamaldehyde (CALD), an α,β-unsaturated 
aldehyde model compound (Fig. 2, Supplementary Fig. 4). This reaction was selected for its 
sensitivity to the electronic properties of the metal active phase35, 36. Specifically, selectivity 
towards C=C and/or C=O hydrogenation products was shown to depend on the position of 
the metal’s d band center,35, 36 which depends on the nature of the metal and alteration of its 
electronic properties through, for example, alloying or doping. Therefore, this reaction 
provides an excellent platform for probing metal-support charge transfers. 
 CALD conversion can proceed via hydrogenation of the C=C bond 
(hydrocinnamaldehyde, HCALD), C=O bond (cinnamyl alcohol, CALC), or both (3-phenyl 
propanol, PPL), as shown in Figure 2. Pd catalysts exhibit a higher selectivity for C=C bond 
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hydrogenation, which is the thermodynamically favored route for this reaction37. However, 
fluctuations in selectivity were observed depending on the support, even among carbon 
scaffolds. Although attempts have been made in the past to identify the parameters that 
control the selectivity to HCALD, the role of key factors such as support polarity, metal 
particle size, and reaction conditions remain intertwined21, 23.  
 
 
Figure 2: Reaction scheme for the hydrogenation of cinnamaldehyde. Reaction pathways 
for CALD hydrogenation as observed for Pd/C catalysts at 80 °C, 90 mg ml-1 of CALD in 
dioxane, 100 mg catalyst, and 20 ml min-1 hydrogen flow rate at ambient pressure. Only two 
products were formed under the reaction conditions selected in the present study: HCALD 
through C=C bond hydrogenation, and PPL through a hydrogenation pathway that does not 
involve HCALD (i.e. tests performed with HCALD as the reactant showed no conversion, in 
agreement with Jiang et. al.35). CALC and reaction byproducts were not detected, in 
agreement with the high (>97%) carbon balance (Supplementary Table 2 and 3). 
 
 Significant differences in selectivity were observed for the PS-PS800 sample series 
(Fig. 3, Supplementary Fig. 5). The observed increase in selectivity to HCALD with the 
defunctionalization temperature is consistent with previous studies that suggested a 
correlation exists between selectivity and surface polarity21, 36. Non-polar surfaces were 
proposed to favor the planar (i.e. flat) adsorption mode due to interactions between CALD’s 
benzene ring and the delocalized pi system of the carbon support, yielding HCALD through 
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preferential hydrogenation of the C=C bond. Conversely, polar surfaces were proposed to 
favor adsorption through the terminal carbonyl functionality, thus enhancing the selectivity to 
PPL (on Pd) and CALC (on Pt)21, 36. While this interpretation is supported by in situ FTIR36, 
it remains unclear whether the adsorption mode governs the selectivity of the reaction or, 
instead, is the consequence of a preferential CALD adsorption through the alkene or carbonyl 
functionality depending on the electronic configuration of the metal. In addition, many 
studies did not consider the possible contribution of artifacts—variations in the metal 
loading, particle size, and mass transfer limitations—to the observed trends. 
 
 
Figure 3: Effect of carbon supports on catalytic performance. The bar graph shows the 
selectivity to HCALD at 10% CALD conversion for Pd supported on the PS support (no 
annealing) and on PS defunctionalized at 200-800 °C (blue). The values correspond to the 
average selectivity calculated for three independent experiments ± the corresponding 
standard deviation (s.d.). The selectivity to HCALD was found to increase with the annealing 
temperature although the average particle size, metal loading, and normalized reaction rate 
were within error for the five samples. This trend was consistent with changes in the active 
metal phase revealed by hydrogen chemisorption (ratio of reversibly to irreversibly 
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chemisorbed hydrogen HR/HI, orange) and by XPS (ratio of the Pd 3d5/2 peaks for the metal 
to δ+ phase, Pd0/Pdδ+, green). 
 
3.2.3 Effect of Pd distribution and mass transfer 
 Despite the differences in surface oxygen concentration (Supplementary Table 1) and, 
thereby, in interactions between the carbon surface and Pd precursor, elemental analysis 
showed a consistent Pd loading of 3.7 ± 0.5 wt% for the PS-PS800 series (Supplementary 
Table 4). Further, similar particle sizes of 5.0 ± 0.2 nm were measured by hydrogen 
chemisorption using the double isotherm method (Supplementary Table 5). X-ray diffraction 
(XRD) and transmission electron microscopy (TEM) provided slightly larger particle sizes, 
in the order of 5.6 ± 1.3 nm (PS sample) and 6.9 ± 2.7 nm, respectively (Supplementary 
Table 5). The values obtained were within the error of measurements of the different 
techniques as observed in other studies as well38. The multiple techniques used here allowed 
us to minimize the limitations and errors intrinsic to each technique and thereby their impact 
on the interpretation of our results. The similar loading, particle sizes, and particle shapes 
obtained for all the catalysts indicate that the trends in catalytic performance shown in Figure 
3 are not a result of particle size or shape effects (Supplementary Fig. 5, 7 and 8)35. 
Additionally, the trends are not a result of differences in mass transport either as the size, 
aspect ratio, surface area, and porosity of the supports were not altered by the 
functionalization and annealing treatments. The Pd/SCCNTs catalysts consist of mesoporous 
nanotubes,28, 29 with all the metal particles located on the outer surface and inside the 30 nm 
mesopore that extends along the main axis of the tube (Supplementary Fig. 6 and 7). In 
addition, all the selectivities were reported at iso-conversion, which is critical for sequential 
reactions and also to ensure that the periodic withdrawal of samples has minimal impact on 
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the selectivity of the catalysts,39 in coherence with the chemical reaction engineering 
principles20, 21.  
 
3.2.4 Support effects on the electronic structure of palladium 
 XPS using both lab and synchrotron radiation was used to examine the effect of the 
carbon support on the electronic structure of the metal active phase (Fig. 4 and 
Supplementary Fig. 9 and 10). These two X-ray sources provide photons with very different 
energies, thus allowing for a depth profiling of the catalysts. Spectra using synchrotron 
radiation were acquired with photon energies of 1020 eV (survey), 680 eV (O1s), 480 eV 
(Pd3d) and 425 eV (C1s), and with a spectral resolution of ~ 0.3 eV. The kinetic energy of 
the generated photoelectrons corresponds to a mean free path of ~ 6 Å and a total information 
depth of ~ 2 nm, that is, 95% of all detected electrons originated from 3λ40. In contrast, the 
laboratory XPS instrument used a Mg source to generate photons of 1253.688 eV (Mg Kα1) 
and 1253.437 eV (Mg Kα2), and offered an energy resolution of ~ 0.5 eV. The ability to 
acquire spectra with higher energy resolution and better surface sensitivity using synchrotron 
radiation ensured that the measured signals are representative of the support’s surface and 
catalytically active palladium atoms28, 41. 
 The C1s and O1s spectra were analyzed using the method developed by Blume et al. 
for carbon nanomaterials41. This method notably allows to distinguish contributions from sp2 
carbon atoms in a graphene-like honeycomb environment, atoms at point-like defects, and 
atoms in highly disordered environments such as edges and large vacancies (Supplementary 
Fig. 2). The evolution of the three signals follows a pattern consistent with the graphitization 
mechanism proposed by Oberlin30. As temperature is increased to 800 °C, oxygen-containing 
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functional groups are thermally decomposed to CO, CO2, and H2O following a sequential 
process that has been documented extensively in the carbon field. This process is 
accompanied by a re-aromatization of the corresponding sites, hence the steady decrease in 
point-like defects shown in Supplementary Figure 2. The concentration of disordered carbon 
remains constant during defunctionalization as temperatures in excess of 1000 °C are 
required to initiate the long-range reorganization and graphitization of graphenic carbons. 
Graphitization becomes evident from XPS and Raman spectroscopy above 1000 °C and a 
quasi graphitic state with stacked graphene sheets extending over tens of nanometers is 
reached after annealing at 3000 °C (Supplementary Table 1, Supplementary Fig. 2 and 8, Fig. 
5). The agreement between Raman spectroscopy and synchrotron XPS, which are two 
techniques with very different information depths, supports that the observed trends hold for 
the carbon surfaces in direct contact with the Pd nanoparticles. 
 In agreement with the literature, Pd was observed in its various oxidation states, 
including contributions corresponding to bulk Pd metal (335.1 eV) and surface oxides (336.9 
eV and 337.85 eV). The presence of an additional prominent signal at 335.95 eV was 
required to fit the spectra and largely contributed to the shoulder visible in Figure 4. This 
binding energy is inconsistent with the values reported in the literature for Pd1+ (~335.5 eV) 
and Pd2+ (336.3-336.9 eV, assigned to PdO)42. Therefore, we attributed this contribution to 
electron-depleted palladium atoms (Pdδ+) resulting from a charge transfer between the metal 
and the carbon support. Other groups have also reported on the presence of an additional Pdδ+ 
contribution in the spectra of commercial Pd/C catalysts but they did not comment on the 
origin of this contribution38, 43. Interestingly, in our work, the intensity ratio Pd0/Pdδ+ was 
found to decrease with increasing annealing temperature for the Pd/PS-PS800 catalysts series 
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(Fig. 3 and Supplementary Table 6), suggesting a direct correlation between support 
properties and electronic structure of the Pd phase. These metal-support interactions are 
significant as they alter the metal’s core (3d) electrons. This effect is comparable to a change 
in oxidation state. Therefore, a measurable impact on the valence electrons, hence on the 
catalytic performance, is expected. This hypothesis was confirmed by the consistency in 
trends for Pdδ+, HCALD selectivity, and annealing temperature for catalysts supported on 
PS-PS800 scaffolds (Fig. 3). 
 The treatment at 1000 °C marks the transition from defective graphenic carbons to 
highly ordered supports, as discussed erlier in this section. Starting at 1000 °C, the surface 
oxygen concentration further drops from 9 to 3% (Supplementary Table 1) and the structural 
defects are annealed until nearly all carbon atoms are in a graphitic environment 
(Supplementary Fig. 2). Interestingly, the trends observed for the Pd/PS-PS800 series 
diverged for supports annealed at temperatures above 1000 °C. HCALD selectivity reached a 
plateau for Pd/PS1000 and slightly decreased for the Pd/HHT sample, again following the 
same trend as the Pdδ+ contribution (Supplementary Tables 2 and 6). Therefore, it appears 
that an optimal support structure exists and tailoring the defect density and surface 
functionalization offers a powerful route to fine-tune the performance of Pd/C catalysts. It 
was previously proposed that defects in graphenic carbons provide anchoring points to 
disperse and stabilize Pd nanoparticles. While certainly true, our results suggest that 
additional effects must be considered to synthesize catalysts with optimal performance. 
Interestingly, deviation from the trends observed for the Pd/PS-PS800 series occurs when the 
support reaches a graphitic state and gains semi-metallic properties44. This observation is 
consistent with a charge transfer from Pd nanoparticles to the carbon support and for which 
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the magnitude of charge transfer depends on the defect structure, and thereby electronic 
properties of the carbon surface.  
 
 
Figure 4: Lab-source XPS spectra for Pd/PS200 to Pd/PS800 catalysts. The deconvolved 
peaks were assigned to Pd metal at 335.1 eV (blue), Pdδ+ at 335.95 eV (orange), and Pd 
oxides at 336.9 eV and 337.85 eV (green). The increasing contribution of Pdδ+ with treatment 
temperature largely contributes to the shoulder that appears in the overall spectra between 
336 and 337 eV.  
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3.2.5 Support effects on adsorption properties of palladium 
 Although there is converging indications for charge transfers at the Pd-C interface, 
the detected Pdδ+ phase may also be due to non-stoichiometric carbides or oxides. The 
formation of sub-surface carbon is thermodynamically favorable for 5 nm Ni and Pd 
nanoparticles and can occur at the metal-support interface through abstraction and diffusion 
of carbon atoms from the defective support31, 45.  Therefore, we investigated the possible 
formation of oxides and carbides by XRD, aberration-corrected TEM, and XPS. The results 
revealed that this hypothesis does not hold in the present study as no carbon was inserted in 
the Pd lattice of the studied samples. Specifically, the lattice spacings determined by XRD 
and TEM image analysis were fully consistent with bulk Pd metal (Pd0). No dissolution of 
carbon in the metal nanoparticles was observed at the interface either (Fig. 5). Larger d 
spacings were measured for the top 2-3 Pd layers but were attributed to the formation of Pd 
oxides upon sample storage in air, in accordance with the Pd2+ contribution in the XPS 
spectra. 
 While the electron micrographs did not reveal any distortion of the metal lattice at the 
Pd-C interface, the images suggest more intimate interactions between the Pd particles and 
the defective PS carbon support (Fig. 5a) than with the graphitic HHT scaffold (Fig. 5b). Pd 
atoms at the interface follow the curvature of the wrinkled carbon layers, suggesting that they 
bind to topological defects and to heteroatoms decorating the amorphous sp3 carbon and/or 
vacancies. In contrast, a defect-free grain boundary between the graphitic surface of the HHT 
support and Pd metal is visible in Figure 5b. 
 Hydrogen isotherms were measured to probe any differences in H2 binding and/or 
spillover that may arise from changes in the electronic structure of Pd surface atoms. Each 
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sample was first reduced in situ and evacuated at 350 °C to prevent any artefacts due to 
surface oxides46. Two isotherms were successively recorded (double isotherm method) to 
probe the reversibility of the chemisorption process (Supplementary Fig. 11). The ratios of 
the reversibly (HR) to irreversibly bound hydrogen (HI) — HR/HI — (Supplementary Fig. 12 
and Supplementary Table 7) were coherent with the catalytic results (Fig. 3, Supplementary 
Table 2 and 3), graphitic character, and support functionalization, which was determined by 
Raman spectroscopy (Supplementary Table 1) and XPS (Supplementary Fig. 2). The higher 
reversibility for supports with higher surface oxygen concentration has been documented and 
it was assigned to ligand-like electron donating/withdrawing effect of the support’s oxygen-
containing functional groups47, 48. While this effect was only discussed for small (~2 nm) 
nanoparticles, our results demonstrate that similar trends hold for larger nanoparticles (~5 
nm) that would otherwise be expected to demonstrate bulk-like properties47, 49. Our combined 
observations from hydrogen isotherms and XPS provide experimental evidence that supports 
electron transfer from the metal to the carbon surface. 
 Hydrogen spillover was further investigated using high-pressure infrared 
spectroscopy (HP-FTIR)47, 50, 51. All samples, both with and without Pd, showed signals 
characteristic of CH2 symmetric and asymmetric stretching modes when measured in vacuum 
(Supplementary Fig. 13). These bands were assigned to the saturation of the graphenic edges 
with hydrogen during the reduction step at 400 °C. Introducing hydrogen gas in the cell had 
no effect on the spectra, which suggested that hydrogen spillover is negligible at low 
pressure. Spillover was observed for the Pd/SCCNT samples only above a threshold pressure 
of 7 bar, similar to previous investigations performed on Pd/C (Supplementary Fig. 14)47, 50, 
51. 
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Figure 5: Aberration corrected TEM. The micrographs acquired for the (a) Pd/PS and (b) 
Pd/HHT catalysts provide an atomic-resolution view of the Pd nanoparticles (blue) and of 
their interface with the carbon support (red). The inserts show the fast Fourier transform 
results and the particle size distribution. The scale bars in the micrographs (a) and (b) 
represent 5 nm. 
 
 As the differences in reversibility for hydrogen chemisorption cannot be explained by 
spillover when the pressure is low, we examined the possible contribution of hydrogen 
absorption and the formation of a Pd β-hydride phase52. Palladium hydrides have been 
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studied extensively and the conditions for their formation have been established. 
Thermodynamically, the formation of palladium β-hydride depends on the hydrogen partial 
pressure, temperature, and Pd particle size53. Herein, the low hydrogen solubility in dioxane, 
the selected reaction conditions (80 °C, ambient pressure), and the interactions with the 
carbon support make any contribution from the β-hydride phase to the observed reactivity 
trends for Pd/SCCNT unlikely37, 54, 55, 56. This conclusion is further supported by our XPS 
experiments as the Pdδ+ contribution was observed in vacuum. 
 
3.2.6 Theoretical evidence for charge transfer 
 Periodic density functional theory (DFT) calculations were used here to elucidate the 
differences in metal-support interactions observed with defunctionalization (PS-PS800) and 
graphitization (PS, LHT, HHT). The interaction energies and binding geometries of sixteen 
Pd nanoclusters on carbon supports (graphitic or functionalized with oxygen and hydroxide) 
were examined. The Pd nanoclusters varied in size from 38 (Fig. 6a) to 293 atoms (Fig. 6b) 
and had 2 to 5 metal layers orthogonal to the basal plane of carbon. Interaction energies for 
Pd clusters on a pure graphene support were less than 5 kJ mol−1 Pd−1interface whereas those on 
oxidized graphene ranged from 30 to 50 kJ mol−1 Pd−1interface (exothermic), indicating a 
significantly stronger interaction between the metal and the functionalized carbon support. 
These shifts in interaction energy were also observed in the binding geometries, as Pd 
clusters merely physisorb above graphene supports (as shown in Fig. 6c for a 293-atom Pd 
particle) while they chemisorb to the functionalized graphene (Fig. 6d for a 293-atom Pd 
particle), in agreement with the TEM images of the Pd-C interface (Fig. 5). These results 
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corroborate the Raman (Supplementary Table 1) and C1s XPS (Supplementary Fig. 2) data 
and suggest very weak metal-support interactions for Pd/LHT and Pd/HHT.  
 The binding energies of the probe adsorbates H*, O*, C*, CH*, and OH* at three-
fold sites far from the Pd-support interface (shown with pink dots in Fig. 6a,b) were also 
shifted by changes in the underlying support, although the magnitude of their shift decreased 
as particles became larger (Fig. 6e). The largest particle (293 atoms) studied here using DFT 
is a rough hemisphere approximately 2.5 nm in diameter and ~1 nm in height, significantly 
smaller than the ~5 nm diameter particles catalytically tested. Smaller particles (~100 atoms) 
showed shifts in binding energies near 50 kJ mol−1, indicating major changes in the catalytic 
behavior of these sites. These results suggest that atoms near the Pd-support interface may be 
significantly altered and that the magnitude of these alterations may depend on the carbon’s 
surface chemistry, leading to changes in adsorption properties, electronic structure, and 
selectivity as shown in Figure 3.  
 QUAMBO charge analysis was performed on three particles of varying size (38, 119, 
and 293 atoms) bound to a functionalized graphene sheet as shown in Figure 7. Pd atoms 
bound to the support have median partial charges of +0.15 to +0.17, independently on 
particle size. This charge transfer is consistent with the appearance of the Pdδ+ contribution in 
the XPS spectra. Specifically, we estimated the thickness of the Pdδ+ phase based on the 
Pd0/Pdδ+ atomic ratio determined from the XPS Pd 3d5/2 peaks (Supplementary Table 6) and 
assuming hemispherical particles of 5 nm in diameter (Fig. 5, Supplementary Fig. 8, 
Supplementary Table 5). These calculations show that the Pdδ+ contributions are consistent 
with a partial charge distributed over the first 1-2 atomic layers near the palladium-carbon 
interface (Supplementary Table 8), in good agreement with the QUAMBO charge analysis. 
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 Metal atoms in the second layers of all three particles are consistently negatively 
charged through a compensation effect. This charge is much smaller, in the order of -0.04, 
and likely falls within the energy resolution of the XPS technique, making it experimentally 
undetectable. Metal atoms further from the support show little overall charge, indicating that 
these charge effects are localized and dissipate with distance from the surface, similar to the 
weaker shifts in binding energies observed with increasing particle size in Fig. 6e. 
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Figure 6: Theoretical calculations for Pd/C. (a) Pd38 and (b) Pd293 clusters bound to a 
functionalized graphene support; pink dot shows binding location of probe adsorbates. (c) 
Side-view of Pd293 cluster above graphene. (d) Side-view of Pd293 cluster bound to 
functionalized graphene support. (e) Absolute differences in binding energies of H* (blue), 
O* (red), C* (orange), CH* (green), and OH* (purple) on sites shown in pink in parts (a) and 
(b) on Pd particles ranging from 38 to 293 atoms and having 2 (), 3(), 4(), and 5() 
metal layers. 
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Figure 7: Partial charge analysis. Partial charges (QUAMBO) of each Pd atom, organized 
by metal layer for a 38-atom (blue, 2 layers), 119-atom (purple, 4 layers), and 293-atom (red, 
5 layers). 
 
3.3 Discussion 
 Carbon is typically considered an inert catalyst support compared to conventional 
oxides as it lacks Lewis acid sites and presents only weak Brønsted acid-base properties. Yet, 
there are numerous examples in the open and patent literatures showing that the activity and 
selectivity of carbon-supported catalysts are sensitive to the choice of the carbon scaffold19, 
20, 21, 31. These support effects remain poorly understood and, in the case of cinnamaldehyde 
hydrogenation, they were attributed to differences in the reactant’s adsorption mode 
depending on surface polarity20, 21, 36. However, this interpretation underestimates the 
structural and chemical complexity of carbon supports and, in particular, the electronic 
effects that may take place at the metal-carbon interface. Recent works on single-atom 
catalysis suggest that heteroatoms decorating defect sites play a role similar to ligands in 
homogeneous catalysis, where the activity of metal centers can be modulated through 
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electron donation and withdrawal57. Obviously, ligand effects as defined in the ligand field 
theory are spatially constrained as they require orbitals of the metal atom and its ligands to 
overlap. The impact of these electronic effects on metal nanoparticles of 5 nm size, which 
consist of hundreds of atoms, is negligible: assuming hemispherical nanoparticles with 11 % 
of the Pd atoms at the interface and an oxygen-to-carbon ratio of 0.25, at most ~2.75 % of the 
total Pd atoms would be altered through ligand effects. This small percentage of Pd atoms 
located at the interface and influenced by ligand effects is inconsistent with the Pd0/Pdδ+ 
ratios determined by XPS and the trends we observed (Fig. 3). Yet, the correlations we 
established between support properties and hydrogenation performance demonstrate that 
carbon scaffolds play a non-innocent role on the catalytic activity of large nanoparticles. The 
detailed characterization of our catalysts allowed us to rule out common artefacts related to 
variations in metal loading, particle size, particle shape, and mass transfer limitations. The 
reaction conditions we selected also allowed us to exclude contributions from hydrogen 
spillover and palladium β-hydride. Finally, correlations between catalytic activity, 
chemisorption, XPS, TEM, Raman spectroscopy, and the differences in their respective 
measurement conditions (different temperatures, pressures, and gas/vacuum environments) 
are consistent with a charge transfer from the metal to the carbon scaffold for Pd supported 
on the PS-PS800 SCCNT series. Our theoretical calculations also corroborate this 
interpretation. The QUAMBO charge analysis indicates strong EMSI that alter 20 % of the 
Pd atoms, in agreement with the Pd0/Pdδ+ atomic ratio determined by XPS. While the partial 
charge seems to be only distributed on the metal atoms near the interface with the support, 
these effects dissipate over several layers, as indicated by the calculations performed with 
probe adsorbates (Fig. 6). 
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 The correlations between Pdδ+ intensity and support surface functionalization can be 
explained by the changes in electronic properties of the support. The decrease in the work 
function (Φ) of carbon scaffolds with decreasing oxygen functionalities has been shown58, 59. 
Theoretical calculations have revealed that common oxygen functionalities (epoxy, carbonyl, 
hydroxyl) cause an increase of up to 60 % of graphene’s computed work function due to the 
formation of C-O dipoles59. The shift in Φ was found to depend on oxygen concentration and 
the nature of the O-containing functional groups, hence the intensity of the corresponding 
dipole moment. For the present study, the decrease in oxygen concentration with annealing 
temperature (Supplementary Table 1) would progressively lower Φ of the graphenic layer in 
the studied SCCNTs, thus increase the difference between the Φ of Pd (5.2-5.6 eV) and the 
support. This difference has been reported to influence charge transfer in the case of metal 
oxide supports with EMSI effects10, 11. The interpretation is further supported by previous 
studies on cinnamaldehyde hydrogenation, which demonstrated that the selectivity towards 
C=C or C=O bond hydrogenation scales with the position of the d band center of the metal 
active phase. Metals with a d band center far from the Fermi level (e.g. Pt) are selective 
towards CALC while Pd is more selective towards HCALD. This selectivity can be further 
modulated through ligands and promoters. For example, it was shown that the addition of Co, 
an electropositive element, provides electron density to Pt, hence lowers its d band center 
(more negative) and further enhances the selectivity to CALC due to the preferential 
formation of di- metal C-O bond35. Here, the increase in HCALD selectivity with Pdδ+, thus 
the electron depletion of the metal active phase and the up-shift of its d band center, is fully 
consistent with this interpretation. 
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 The above analysis does not only correlate changes in selectivity with the electronic 
properties of the studied supports, but the results for the PS-PS800 series also pave the way 
for a quantitative control of these effects in order to achieve a desired selectivity. 
Specifically, this study shows that the catalytic activity of a desired metal can be controlled 
by selectively functionalizing or defunctionalizing (e.g. by annealing) the surface of the 
carbon support.  
 In summary, the influence of support surface functionalization and graphitization on 
electronic and adsorption properties of the active metal phase was elucidated in this work. 
The correlations between support functionalization, charge distribution at the metal-carbon 
interface, and catalytic selectivity were established. These correlations provide insights into 
how carbon support can be utilized for tuning the electronic properties of the metal 
decorating its surface through Schwab effects, hence its catalytic performance. The present 
work is expected to set the foundations of general rules that will enable the rational design of 
carbon-supported catalysts. 
 
3.4 Methods 
3.4.1 Catalyst synthesis 
 Stacked cup carbon nanotubes (SCCNTs) were obtained from Pyrograf Products, Inc 
(Ohio, USA). The SCCNTs were synthesized by chemical vapor deposition (CVD) and 
annealed at 700, 1500, 3000 °C post-synthesis to obtain, respectively, the pyrolytically 
stripped (PS), low heat treated (LHT), and high heat treated (HHT) supports. Detailed 
characterization of the SCCNTs can be found elsewhere28. 10 g of SCCNTs were 
functionalized using 500 ml of trace metal grade concentrated nitric acid at 100 °C for 4 h, 
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followed by washing with 5 L of deionized water and drying overnight at 110 °C. The PS 
SCCNTs were divided into separate batches and thermally defunctionalized in flowing 
nitrogen at 200, 400, 600, 800, 1000 °C for 30 min to obtain the PS200-PS1000 series of 
supports. The increased treatment temperature for the PS200-PS1000 series removes oxygen 
functionalities of the supports.  
 Pd was deposited on the supports in the form of nanoparticles using incipient wetness 
impregnation. Typically, 125 mg of palladium (II) nitrate dihydrate was dissolved in 8.4 ml 
of deionized water (at pH 4.0, adjusted using nitric acid) and the solution was added 
dropwise to 1 g of the supports, followed by sonication for 5 min. The samples were dried 
overnight at 65 °C followed by drying at 80 °C for 8 h in an oven. The impregnated and dried 
SCCNTs were then placed in a tube furnace and calcined in air (200 ml min-1) while heating 
at 2 °C min-1 to 250 °C and held at this temperature for 2 h. The calcined catalysts were 
cooled down to room temperature and were flushed with nitrogen gas for 30 min and 
subsequently reduced under hydrogen (200 ml min-1) at 400 °C for 2 h. The gas flow rates 
were controlled using Brooks mass flow controllers. 
 
3.4.2 Raman spectroscopy 
 The nitric acid-treated SCCNTs supports were characterized using Raman 
spectroscopy to estimate the ratio of graphitic to defective carbon of the supports. A 
Renishaw inVia Raman Microscope equipped with a coherent Argon ion laser was used for 
the analysis. Each sample was analyzed at 3 different spots to ensure homogeneity of the 
sample. 10 accumulations with a 30 s acquisition time, 25 mW power of a laser line at 488 
nm were used for each analysis. The measurement range from 800 cm-1 to 2000 cm-1 was 
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used for analysis. The data analysis was conducted using the method described by Knauer et. 
al.60 According to this method, a multi-component baseline fit and deconvolution was used: 
bands at 1580 cm-1 (G-band), 1350 cm-1 (D1-band), 1620 cm-1 (D2-band), and 1200 cm-1 (D4-
band) were fit with Lorentzian peaks while the contribution at 1500 cm-1 (D3-band) was fit 
with a Gaussian peak (Supplementary Fig. 1). The Lorentzian peak at 1350 cm-1 (D1) is 
characteristic of the defective carbon atoms within a graphene layer and the peak at 1580 cm-
1 (G) represents the in-plane stretching of the sp2 hybridized carbon in the honeycomb carbon 
structure. The ratio of the graphitic to the defective carbon bands was estimated using the G 
and D1 peaks (Supplementary Table 1). The peaks D2 and D4 were attributed to the non-
graphitic basic structural units (BSUs) while the D3 peak was attributed to the non-graphitic 
or molecular carbon content of the samples by Knauer et. al. in their work60. Since these 
peaks are not representative of the graphitic core but were a part of the amorphous carbon 
layer present on the surface, they were not considered for calculating the graphitic character 
of the supports in the present work. 
 
3.4.3 Inductively coupled plasma optical emission spectroscopy  
 The bulk homogeneity of the metal loading on the carbon supports was confirmed by 
analyzing the samples using Inductively coupled plasma-optical emission spectroscopy (ICP-
OES) with a Perkin Elmer Optima 8000 instrument. Prior to the analysis, 30 mg of each 
catalyst was placed in different crucibles and treated in a muffle furnace at 1000 °C for 6 h to 
burn off the carbon supports. The residual contents of the crucibles were soaked overnight in 
5 ml aqua regia (1:3 volume ratio of nitric acid:hydrochloric acid) for dissolving the Pd. The 
aqua regia with the dissolved Pd was then carefully transferred to a 50 ml volumetric flask 
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and the total volume was made up to 50 ml using DI water. The standards for the calibration 
curve were prepared using a 10 vol% aqua regia in water solution and the Pd ICP standard 
(1000 ppm). Each catalyst was analyzed in quadruplicates. 
 
3.4.4 Scanning electron microscopy  
 The catalysts were characterized at the micro- and nano- scale by studying the 
catalyst morphology using a FEI Quanta 250 instrument operated at 10 kV. The catalyst 
samples were placed in aluminum pans mounted on carbon stubs. A solution of sticking tape 
soaked in hexane was added on the catalyst samples and the sample was levelled off to 
decrease the surface roughness. The samples were imaged at different magnifications and in 
different regions using both the secondary electron (SE) and back-scattered electron (BSE) 
detectors. 
 
3.4.5 Transmission electron microscopy  
 Transmission electron microscopy (TEM) analysis was conducted using a JEOL 2100 
FEG S/TEM microscope operated at 200 kV equipped with a spherical aberration corrector 
on the probe forming lens. The samples were dispersed in ethanol and deposited on a holey 
carbon coated TEM grid. For scanning transmission electron micrsocopy (STEM) high-
angular annular dark field (HAADF) analysis, a spot size of 0.13 nm, a current density of 140 
pA, a camera focal length of 8 cm, corresponding to inner and outer diameters of the annular 
detector of about 73 mrad and 194 mrad, were used.  
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 Aberration corrected TEM was conducted using an FEI Titan 80-300 operated at 300 
kV equipped with a Gatan US1000 CCD camera. The samples were dispersed in ethanol and 
deposited on a holey carbon coated TEM grid. 
 
3.4.6 X-ray diffraction  
 X-ray diffraction (XRD) analysis was conducted using a Siemens D-500 instrument 
equipped with a copper X-ray tube, a diffracted beam monochromator, and a scintillation 
detector. The measurements were conducted using a gold holder and a medium resolution 
slit. The samples were scanned from 10 to 70 degrees two-theta with a step size of 0.05 
degrees and a dwell time of 3 s per step. Jade software was used to analyze the data and the 
Scherrer equation was used to estimate the crystallite size. 
 
3.4.7 Hydrogen chemisorption 
 Hydrogen chemisorption adsorption isotherm studies were conducted using a 
Micromeritics ASAP 2020C instrument. 50 mg of the sample was loaded in a chemisorption 
tube and packed using quartz wool. The sample was reduced in-situ at 350 °C followed by 
long evacuation steps to remove the adsorbed hydrogen. Hydrogen was then re-introduced in 
the system at increasing pressures (2-450 mm Hg) under isothermal conditions (35 °C) for 
studying the first adsorption isotherm and the amount of total adsorbed hydrogen (HT) was 
calculated. A long evacuation step was then applied to remove the weakly or reversibly 
bound hydrogen and then a second adsorption isotherm was recorded to estimate the 
reversibly adsorbed hydrogen (HR). The size of the Pd nanoparticles was obtained using HT 
and the ratio of the HR/HI was calculated to compare the catalysts. 
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3.4.8 X-Ray photoelectron spectroscopy  
 Lab source X-ray photoelectron spectroscopy (XPS) studies were conducted using a 
Kratos Amicus ESCA 3400 instrument. The anode used for the analysis was Mg (240 W) 
with the photon energy of K alpha 1 peak at 1253.688 eV and K alpha 2 peak at 1253.437 
eV. The samples were loaded on an indium foil used here as an internal standard. A dwell 
time of 1 s, step size of 50 meV, and a pass energy of 150 eV were used. 5 sweeps were 
recorded for each sample. Sputtered In foil and HOPG samples were used as standards for 
data analysis for Pd and C. Data analysis was conducted using the Fitt-win software.  
 Synchrotron radiation studies were conducted during single bunch mode at the ISISS 
beamline of the Fritz Haber Institute located at the BESSY II synchrotron facility in Berlin. 
The high pressure setup consists mainly of a reaction cell attached to a set of differentially 
pumped electrostatic lenses and a differential-pumped analyzer (Phoibos 150 Plus, SPECS 
GmbH), as described elsewhere61. The spectra were collected in normal emission in vacuum 
with a probe size of  150µm x 80µm. Sample contamination was checked by survey spectra 
at the beginning of each experiment. For XPS analysis, the photoelectron binding energy 
(BE) is referenced to the Fermi edge, and the spectra are normalized to the incident photon 
flux. The photoionization cross section was considered according to the calculations of Yeh 
and Lindau62. Background correction was performed by using a Shirley background63. The 
spectra were fitted following the Levenberg-Marquardt algorithm to minimize the χ2. Peak 
shapes were modeled by using asymmetric Doniach-Sunjic functions convoluted with 
Gaussian profiles64. The accuracy of the fitted peak positions is ≈ 0.05 eV. 
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3.4.9 High pressure Fourier transform infrared spectroscopy  
 In-situ Fourier transform infrared (FTIR) studies were conducted to determine the 
interaction between hydrogen and the Pd/C catalysts using a Nicolet 6700 Thermo Scientific 
spectrometer. Approximately 0.7 mg of the catalyst powder was pressed onto a KBr pellet of 
1 cm diameter and 2 mm thickness. The sample was then placed in a high-pressure high-
temperature cell (P/N 5850c, Specac Ltd, UK) at the focal point of the spectrometer sample 
compartment. The samples (Pd catalysts supported on PS, LHT, HHT, PS200, PS600, and 
PS1000) were activated under 1 atm of hydrogen at 100 °C for at least for 1 h then cooled 
down to room temperature for the IR measurements. The IR spectra were recorded after each 
heating cycle. The resulting spectra were analyzed to monitor changes in adsorbate 
concentrations. The pressures used for the analyses were 15, 100, and 200 psi (1, 7, and 14 
bar). 
 
3.4.10 Catalytic tests 
 The catalytic performance was probed for the liquid phase hydrogenation of 
cinnamaldehyde. 100 mg of Pd/C catalyst, 40 ml dioxane, and 365 mg decane (internal 
standard) were added to a 100 ml 3-neck flask with a stir-bar. The flask was connected to a 
condenser with water at 4 °C. The reaction mixture was magnetically stirred at 500 rpm and 
heated using an oil bath kept at 80 °C using an IKA-RCT magnetic stir plate equipped with a 
PT1000 thermocouple. Nitrogen and hydrogen were provided to the solution using a gas 
dispersion tube equipped with a fine frit (10-20 µm porosity). The gas flow rate was 
controlled using a Bronkhorst mass flow controller. A rubber septum was connected to the 
third neck of the flask and an 18 gauge, 6 inch needle was inserted in it for sampling. The top 
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end of the needle was wrapped with parafilm to avoid any losses due to evaporation of 
dioxane. In a typical experiment, nitrogen was sparged through the flask at 20 ml min-1 for 20 
min at room temperature to remove any air from the system. The gas flow was then switched 
to hydrogen at 20 ml min-1 and the temperature of the oil bath was raised to 80 °C and 
maintained at this temperature for 30 min. 5 g of trans-cinnamaldehyde dissolved in 10 ml 
dioxane was then added to the flask and this time was marked as the beginning of the 
reaction. Samples were withdrawn at specific time intervals using a glass syringe in pre-
cooled glass vials and placed in the refrigerator immediately to quench the reaction. 
 The reaction samples were diluted 15 times with dioxane, filtered using 0.22 µm 
nylon filters, and analyzed using an Agilent 7890A gas chromatograph (GC-FID) with an 
HP-5 column (30m x 320 µm x 0.25µm). An injection volume of 1 µl with a split ratio of 
20:1 at 20ml min-1 was used. The inlet heater temperature was maintained at 300 °C with a 
total flow of 24 ml min-1 and a septum purge flow of 3 ml min-1. A column flow of 1 ml min-
1 was used. The oven initial temperature of 40 °C was held for 1 min followed by ramping to 
180 °C at 10 °C min-1. The detector heater temperature was maintained at 300 °C. 
 The product selectivities were calculated using Equation 1:   
݈ܵ݁݁ܿݐ݅ݒ݅ݐݕ	ሺ%ሻ ൌ ሺெ௢௟௘௦	௢௙	௣௥௢ௗ௨௖௧	௣௥௢ௗ௨௖௘ௗ	௔௧	௧ሻሺெ௢௟௘௦	௢௙	௥௘௔௖௧௔௡௧	௖௢௡௩௘௥௧௘ௗ	௔௧	௧ሻ 	ܺ	100              (1) 
where, the moles of the product produced and the moles of reactant converted were 
calculated for same time t for the reaction. 
 
3.4.11 Density functional theory calculations  
 Plane-wave density functional theory calculations were performed using the Vienna 
ab initio simulation package (VASP)65 to calculate interaction energies between Pd particles 
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and C-supports (with and without functionalization) and binding energies of probe adsorbates 
(H*, O*, C*, OH*, and CH*). Plane-waves were constructed using an energy cutoff of 400 
eV with projector augmented wave potentials66. The revised Perdew–Burke–Ernzerhof 
(RPBE) form of the generalized gradient approximation (GGA) was used to determine 
exchange and correlation energies67, 68. Wavefunctions were converged to within 10−6 eV and 
forces were computed using a fast Fourier transform (FFT) grid with a cutoff of twice the 
planewave cutoff. A 1 × 1 × 1 Γ-point sampling of the first Brillouin zone (k-point mesh) 
was used and structures were relaxed until forces on unconstrained atoms were <0.05 eV Å-1. 
Converged wavefunctions were transformed into a set of localized quasiatomic orbitals 
(QUAMBOs)69 and used to carry out Löwdin population analyses70 to determine the charges 
on the individual atoms. 
 Pd particles were modeled as cubo-octahedral particles which are composed of (100) 
and (111) surfaces. The dimensions of these surfaces were varied to generate sixteen particles 
ranging from 38 to 293 Pd atoms arranged in 2-5 metal layer orthogonal to the C-support 
supported on a single graphene sheet. 
 The C-support was modeled as either a single-layer graphene sheet, a two-layer 
graphene sheet, or a functionalized graphene sheet (which has 0.125 ML of O* and 0.125 
ML of OH* adsorbed). The lattice parameters for the functionalized graphene sheet were 
8.702 and 2.512; those for an equivalent pure graphene sheet were 8.523 and 2.46, indicating 
that functionalization of the graphene sheet is associated with an expansion in C–C bonds. 
The functionalized graphene sheet, furthermore, is curved in a periodic manner, further 
increasing C–C bond lengths in a manner consistent with the rehybridization of C-atoms 
from sp2 to sp3. 
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 Probe adsorbates H*, O*, C*, OH*, and CH* were modeled on the Pd particles at 
sites far from the Pd-C interface (at the center-most three-fold site on the (111) surface 
opposite the Pd-support interface). Binding energies for these adsorbates were compared 
when the support was pure graphene and when the support was functionalized graphene 
using Equation 2: 
∆ܤܧ ൌ |ܧሾadsorbate on Pd on functionalized grapheneሿ െ ܧሾPd on functionalized grapheneሿ െ
ሺܧሾadsorbate on Pd on grapheneሿ െ ܧሾPd on grapheneሿሻ|	 (2) 
where, ΔBE represents the absolute value of the shift in binding energy of the probe 
adsorbate. 
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3.8 Supplementary information 
 
Supplementary Figure 1. Raman spectra analysis to determine the graphitic character 
of carbon supports. Raman spectrum obtained for the PS support post nitric acid treatment. 
Peak fitting was conducted using the method developed by Knauer et. al. consisting of 5 
peaks—D1: disordered graphitic lattice carbon; D2: non-graphitic basic structural unit 
vibrations; D3: non-graphitic or molecular carbon; D4: non-graphitic basic structural unit 
vibrations; G: ideal graphitic lattice.1 
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Supplementary Figure 2. Defect and graphitic character analysis of carbon supports 
using XPS. Evolution of the C1s fit components corresponding to sp2 carbon, defective 
carbon (point-like defects), and disordered carbon (at edges and large vacancies) with 
annealing temperature. The data is based on deconvolved C1s spectra of the carbon supports 
with and without Pd acquired using synchrotron radiation for higher energy resolution and 
surface sensitivity. The fit fractions are normalized to the sum of all three fit components 
shown here. 
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Supplementary Figure 3. XPS survey spectra of the supports after treatment with nitric 
acid. The detected signals correspond to C, O, Pd, and In (used as sample holder and internal 
standard) for the (a) PS, (b) LHT, and (c) HHT supports. The spectra confirm that the nitric 
acid treatment removed any inorganic impurities resulting from the synthesis and/or 
graphitization of the carbons supports. 
 
(a)
(b)
(c)
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Supplementary Figure 4. Catalytic reaction profiles for CALD hydrogenation. Catalytic 
traces for (a) Pd/PS and (b) Pd/HHT catalysts for the batch reaction at 80 °C, hydrogen 
flowrate = 20 ml min-1, stirring rate = 500 rpm, mass of catalyst = 100 mg, mass of 
cinnamaldehyde = 5 g. 
 
(a) 
(b) 
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Supplementary Figure 5. Trends in HCALD selectivity for Pd supported on PS-PS1000. 
Selectivity to HCALD at 10% conversion of CALD for Pd supported on PS support and on 
PS defunctionalized at 200-1000 °C (blue). The values correspond to the average selectivity 
calculated for three independent experiments ± the corresponding standard deviation (s.d.). 
Comparing the selectivity results with Pd particle size (green) and normalized rate for CALD 
conversion (orange) shows no clear trend, indicating that the observed differences in 
selectivity are not due to obvious artefacts such as particle size effects. 
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Supplementary Figure 6. Distribution of palladium nanoparticles on carbon supports. 
Scanning electron microscopy (SEM) images of the (a,b) Pd/PS400, (c,d) Pd/PS600, (e,f) 
Pd/PS800 showing the Pd dispersions typically achieved for the studied catalysts. Each 
region was imaged with both the secondary electron (SE) and back scattered electron (BSE) 
detectors for higher Z-contrast. A few large Pd particles were occasionally observed in these 
samples in BSE mode due to the higher sensitivity to heavy elements of this detector. 
Because of their low number and surface-to-volume ratio, these particles play an 
insignificant role in the present work. Scale bars in the images represent 500 nm. 
(a) (b) 
(c) (d) 
(e) (f) 
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Supplementary Figure 7. Representative transmission electron microscopy micrographs 
of Pd/SCCNT catalysts. High resolution transmission electron microscopy (HRTEM) 
micrographs of (a,b) Pd/PS and (c,d) Pd/LHT acquired in high-angle annular dark-field 
(HAADF)-scanning transmission electron microscopy (STEM) mode (a,c) and bright field 
(BF)-STEM mode (b,d). Scale bars in the images represent 100 nm. 
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Supplementary Figure 8. Representative transmission electron microscopy micrographs 
of supported Pd nanoparticles. HRTEM micrographs of Pd nanoparticles supported on the 
(a,b) PS, (c,d) LHT, (e,f) HHT supports. Most Pd nanoparticles were hemispherical. Scale 
bars in the images represent 5 nm (a, c, and e) and 50 nm (b, d, and f). 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Supplementary Figure 9. Lab source and synchrotron radiation based X-ray 
photoelectron spectra. X-ray photoelectron spectra of Pd 3d using lab source (a, b) and 
synchrotron radiation (c, d). The spectra correspond to the Pd/PS-HHT series (a, c) and the 
Pd/PS200-PS1000 series (b, d). Note that single bunch operation uses a significantly lower 
ring fillings resulting in a beam current of ≤ 20 mA, which accounts for the relatively low 
signal-to-noise ratio for the synchrotron experiments.  
 
(a) (b) 
(c) (d) 
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Supplementary Figure 10. Synchrotron based X-ray photoelectron spectra. X-ray 
photoelectron spectra of Pd/PS200 – Pd/PS800 catalysts using synchrotron radiation. The 
peak deconvolution for the Pd 3d 5/2 and 3/2 demonstrate the presence of Pd metal (blue), 
PdO and PdO2 (green), and Pdδ+ (orange). Note that single bunch operation uses a 
significantly lower ring fillings resulting in a beam current of ≤ 20mA which accounts for the 
relatively low signal-to-noise ratio.  
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Supplementary Figure 11. Support effects on hydrogen adsorption isotherms. Hydrogen 
adsorption isotherms for (a) Pd/PS and (b) Pd/HHT catalysts. The graphs show the 1st 
adsorption isotherm (green), 2nd adsorption isotherm (orange), and the difference results 
(blue). Differences in reversibility can be observed for the Pd/PS and Pd/HHT catalysts. The 
ratios of the reversibly to irreversibly adsorbed hydrogen are given in the Supplementary 
Figure 12. 
(a) 
(b) 
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Supplementary Figure 12. Differences in hydrogen adsorption properties for the 
studied catalysts. Ratios of reversibly (HR) and irreversibly adsorbed hydrogen (HI) for the 
synthesized Pd/C catalysts. 
 
 
Supplementary Figure 13. Representative infrared spectrum of Pd/SCCNT in the 
absence of H2. Infrared (IR) spectrum of the Pd/PS catalyst, recorded prior to H2 exposure at 
room temperature, and referenced to the blank KBr pellet. The –CH2 symmetric and 
asymmetric modes are observed at 2844 cm-1 and 2916 cm-1 and the C-O-C mode at 1385 
cm-1. The sample was activated under 1 bar of hydrogen at 100 °C for 1 h, then cooled down 
to room temperature for the IR measurements. 
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Supplementary Figure 14. High-pressure infrared spectra (HP-FTIR) of Pd/SCCNT in 
the presence of H2. IR spectra of (a, b) Pd/PS, (c, d) Pd/LHT, (e, f) Pd/HHT, (g, h) 
Pd/PS200, (i, j) Pd/PS600, (k, l) Pd/PS1000 catalyst recorded under 1 (black), 7 (red), and 14 
(blue) bar of hydrogen gas and subtracted from the corresponding spectrum recorded before 
exposure to H2 at room temperature. Signals characteristic of the C-H modes at 2727 cm-1, 
1230 cm-1, and 1092 cm-1 are observed at 14 bar only. The signal-to-noise ratios for all 
modes are too low to determine if there is any hydrogen spillover at 7 bar. Prior to these 
measurements, the samples were activated under 1 bar of hydrogen at 100 °C for 1 h, then 
cooled down to room temperature for IR measurements. 
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Supplementary Table 1. Effect of thermal treatments on the supports’ graphitic 
character and functionalization. Raman G-band/D1-band intensity ratios for the studied 
carbon supports and corresponding O1s/C1s ratios calculated from the highest intensity of 
the XPS spectra acquired using synchrotron radiation (BESSY II). These Raman and XPS 
results show the impact of annealing on the graphitic character and surface chemistry of the 
supports. 
 
Support IG/ID[a] O1s/C1s 
PS 0.43 0.24 
LHT 1.25 0.06 
HHT 5.83 0.03 
PS200 0.38 0.23 
PS400 0.40 0.23 
PS600 0.51 0.11 
PS800 0.62 0.15 
PS1000 0.62 0.09 
[a] IG and ID represent the intensity of the G-band 
and D1 band respectively. 
 
Supplementary Table 2. Catalytic performance of the synthesized Pd/SCCNT samples 
at 10% conversion. Hydrocinnamaldehyde (HCALD) selectivity, yield, and carbon balance 
at 10% cinnamaldehyde (CALD) conversion. The values correspond to the average 
calculated for three independent experiments ± the corresponding standard deviation (s.d.). 
 
Catalyst HCALD Selectivity (%) HCALD Yield (%) 
Carbon balance 
(%) 
Pd/PS 75.6 ± 1.4 7.6 ± 0.1 99.4 ± 0.1 
Pd/LHT 83.5 ± 2.7 8.3 ± 0.3 99.5 ± 0.9 
Pd/HHT 83.2 ± 2.8 8.3 ± 0.3 99.7 ± 0.4 
Pd/PS200 79.8 ± 1.9 8.0 ± 0.2 99.6 ± 0.1 
Pd/PS400 81.8 ± 1.2 8.2 ± 0.2 99.7 ± 0.1 
Pd/PS600 85.9 ± 3.0 8.6 ± 0.3 99.9 ± 0.2 
Pd/PS800 86.3 ± 1.6 8.6 ± 0.2 99.8 ± 0.1 
Pd/PS1000 85.6 ± 1.2 8.6 ± 0.1 99.6 ± 0.1  
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Supplementary Table 3. Catalytic performance of the synthesized Pd/SCCNT samples 
at 100% conversion. Hydrocinnamaldehyde (HCALD) selectivity, yield, and carbon balance 
at 100% cinnamaldehyde (CALD) conversion. 
 
Catalyst HCALD Selectivity (%) HCALD Yield (%) 
Carbon balance (%) [a] 
Pd/PS 58.4 58.4 96.5 
Pd/LHT 73.0 73.0 101.8 
Pd/HHT 67.4 67.4 101.0 
Pd/PS200 65.4 65.4 97.5 
Pd/PS400 66.4 66.4 105.2 
Pd/PS600 71.6 71.6 99.8 
Pd/PS800 72.4 72.4 106.7 
Pd/PS1000 75.7 75.7 103.3 
[a] Carbon balance values calculated by accounting for the decrease in 
volume and moles due to sampling. 
 
Supplementary Table 4. Palladium metal loading on carbon supports. Pd metal loadings 
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES). 
 
Catalyst Pd metal loading (%)[a] 
Pd/PS 3.3 ± 0.3 
Pd/LHT 4.2 ± 0.6 
Pd/HHT 4.7 ± 0.2 
Pd/PS200 3.2 ± 0.3 
Pd/PS400 3.3 ± 0.1 
Pd/PS600 3.9 ± 0.2 
Pd/PS800 4.6 ± 0.5 
Pd/PS1000 3.9 ± 0.3 
[a] All samples were analysed in quadruplicates 
to obtain the standard deviation. 
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Supplementary Table 5. Palladium nanoparticles size. Average particle sizes obtained 
from hydrogen chemisorption adsorption isotherms, aberration corrected transmission 
electron microscopy (TEM), and X-ray diffraction (XRD). 
 
Catalyst 
Hydrogen 
chemisorption 
(nm) 
TEM (nm) XRD (nm) 
Pd/PS 4.86 5.6 ± 1.3 4.2 ± 0.3 
Pd/LHT 5.04 8.2 ± 2.5 6.7 ± 0.3 
Pd/HHT 2.99 6.2 ± 2.2 7.7 ± 0.4 
Pd/PS200 4.94 - 5.8 ± 0.4 
Pd/PS400 5.08 - 6.9 ± 0.4 
Pd/PS600 4.98 - 9.9 ± 0.6 
Pd/PS800 4.89 - 7.8 ± 0.6 
Pd/PS1000 4.81 - 6.7 ± 0.5 
 
 
Supplementary Table 6. Analysis of the charge transfer between the metal and carbon 
support. Ratio of the Pd0/Pdδ+ phase as observed from synchrotron based X-ray 
photoelectron spectroscopy (XPS) Pd 3d 5/2 peak components normalized to highest 
intensity. 
 
Catalyst Pd0/Pdδ+ 
Pd/PS 2.29 
Pd/LHT 2.75 
Pd/HHT 2.43 
Pd/PS200 2.00 
Pd/PS400 1.83 
Pd/PS600 1.62 
Pd/PS800 1.54 
Pd/PS1000 2.00 
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Supplementary Table 7. Hydrogen chemisorption adsorption isotherms. Hydrogen 
chemisorption results: amount of hydrogen adsorbed for the 1st and 2nd isotherm, difference 
results for Pd/C catalysts at 400 mm Hg hydrogen pressure, amount of reversibly adsorbed 
hydrogen, and ratio of reversibly to irreversibly adsorbed hydrogen. 
 
Catalyst 
1st adsorption 
isotherm- 
amount of 
hydrogen 
adsorbed 
(mmol g-1) 
2nd adsorption 
isotherm- 
amount of 
hydrogen 
adsorbed 
(mmol g-1) 
Difference 
results 
(mmol g-1) 
Hreversible 
(mmol g-1) 
 
Hreversible/
Hirreversibl
e 
 
Pd/PS 0.15812 0.15364 0.00448 0.00058 ± 0.00147 91.7 
Pd/LHT 0.15603 0.14138 0.01465 0.00261 ± 0.00173 19.0 
Pd/HHT 0.1839 0.14601 0.03789 0.03372 ± 0.00028 1.6 
Pd/PS200 0.1602 0.15352 0.00668 0.00072 ± 0.00138 72.7 
Pd/PS400 0.1529 0.14605 0.00685 0.00325 ± 0.00162 14.9 
Pd/PS600 0.16112 0.14593 0.01519 0.00367 ± 0.00140 13.4 
Pd/PS800 0.15294 0.13731 0.01563 0.01130 ± 0.00081 3.8 
Pd/PS1000 0.13679 0.12029 0.0165 0.01449 ± 0.00083 2.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
107 
Supplementary Table 8. Number of Pdδ+ atomic layers based on XPS. The ratio of the 
Pd0/Pdδ+ phase as observed from synchrotron based X-ray photoelectron spectroscopy (XPS) 
Pd 3d 5/2 peak components (Supplementary Table 6) was used to estimate the number of 
atomic layers impacted by the Pdδ+ phase in Pd nanoparticles. The values were calculated 
based on the following assumptions: 
(a) the Pd nanoparticles are hemispherical and have a diameter of 5 nm, which 
corresponds to ~9 atomic layers (Supplementary Table 5) 
(b) the particles are homogeneously covered with 2 atomic layers (~0.5 nm) of surface 
oxides  
(c) the penetration depth of XPS under these conditions is ~2 nm 
(d) all the Pd atoms at the interface are in the Pdδ+ state. 
 
Catalyst 
Number of atomic 
layers impacted by 
Pdδ+ 
Pd/PS 1.56 
Pd/LHT 1.34 
Pd/HHT 1.50 
Pd/PS200 1.70 
Pd/PS400 1.80 
Pd/PS600 1.95 
Pd/PS800 2.01 
Pd/PS1000 1.70 
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Abstract 
 Synergies between the metal active phase and its oxide support were shown to 
enhance the rate of numerous reactions through electronic metal-support interactions (EMSI) 
or direct contribution of the support to the reaction, i.e. adsorption and activation of the 
reactant. Such effects are unknown for carbon scaffolds and, in many studies, carbon is 
chosen as a support due to its expected inertness. Here, we report that conventional 
carbonaceous materials do present EMSI effects that alter the intrinsic rate of precious metal 
atoms at the interface by up to two orders of magnitude compared to the corresponding bulk 
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metal. We also demonstrate that oxygen-containing functional groups that are ubiquitous on 
carbon surfaces act as surface dipoles that alter the electronic properties of the surface. 
Controlling the scaffold’s surface chemistry allows to tune the work function from 5.1 eV to 
4.5 eV and, hereby, the intensity of the charge redistribution at the metal-carbon interface 
and the catalytic activity of the corresponding metal atoms. 
 
4.1 Introduction 
 Tailoring the electronic structure of a catalyst support offers unique avenues for fine-
tuning the activity of the metal nanoparticles decorating its surface.1-2 These phenomena, 
which occur at the interface are responsible for the so-called metal support interactions 
(MSI), are well-documented for the metal-graphene systems. While the understanding of 
strong metal support interactions (SMSI) for oxides and their impact on catalytic activity 
have been well-established, similar translation of MSI effects to catalytic performance for 
carbon nanomaterials still remains elusive.1-4 Carbon supported catalysts have been reported 
to demonstrate differences in selectivity when compared with the conventional oxide 
supports, such as silica and alumina.5-8 These differences in catalytic performance have been 
attributed to the non-innocent role that carbon scaffolds play on the supported metal active 
phase.7-8 Conventionally, these effects are associated with MSI, an umbrella term that 
encompasses the current gaps in knowledge but the factors that govern these interactions still 
need to be investigated in detail. Additionally, although hundreds of commercial carbons 
with controlled graphitic character, surface chemistry, and porosity have been developed, the 
choice of a specific carbon support for a target reaction is typically based on empirical 
criteria due to the co-existence of electronic and chemical (hydrophilic/hydrophobic) 
effects.9-10 These challenges act as a major roadblock for the rational design of carbon 
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supported catalysts, which is vital for the production of specialty and fine chemicals through 
renewables routes. Specifically, noble metal nanoparticle catalysts supported on carbon 
materials are of prime importance due to their applications in hydrogenation reactions, which 
represent a multi-billion dollar industry for the petroleum-based production of chemicals and 
are expected to play a similar role in the bio-based chemical industry.7-8, 11-13 Due to this 
impact of carbon-supported catalysts, there is a pressing need for understanding the MSI 
effects that govern their performance.  
 Several studies in the past have reported the presence of MSI effects for 
hydrogenation catalysts with carbon scaffolds. Despite these efforts, the reports heavily 
focused on the chemical effects, such as adsorption and polarity, of supports on catalytic 
performance but the electronic interactions were not analyzed in sufficient depth.14-18 
However, it is now well-established that the presence of heteroatoms can change the local 
electronic properties of graphene and graphenic carbons. This understanding invoked 
curiosity for further scrutiny of the impact of support properties on the metal active-phase by 
revisiting the Pd/C catalyst. A detailed analysis of the literature demonstrates that due to the 
structural and chemical complexity of the materials, previous attempts could not completely 
deconvolve the electronic, polar and acid-base interactions to assess their impact on substrate 
adsorption and activation.19-20 Decoupling the electronic and chemical interactions is a pre-
requisite for understanding the structure-property relationships that link atom hybridization, 
structure, and functional group compositions to MSI and catalytic activity, which is in turn 
key to establish general rules for rational catalyst design. Recently, our group successfully 
deconvolved the correlations between the graphitic character and chemical nature of carbon 
supports and unraveled their influence on the catalytic performance of Pd nanoparticles 
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decorating their surface.21 While the study offered elite strategies for tuning the electronic 
metal-support interaction (EMSI) effects, the utilization of this knowledge for the rational 
design of carbon-supported catalysts requires a deeper understanding of these interactions. 
Specifically, clearly identifying the active site of the reaction and elucidating the influence of 
support properties on these sites is vital for designing novel catalysts. Therefore, developing 
new routes that can help in understanding and controlling the interactions between the 
support and the metal active site are required. 
 In order to develop a more sophisticated handle on the properties of the catalyst and 
thereby its performance, herein the structure of the support and metal nanoparticles was 
controlled at the nanoscale using simple thermal treatments. Firstly, stacked cup carbon 
nanotube (SCCNT) supports were annealed for tuning the amorphous carbon content on their 
surface along with the support graphitization. These alterations in the support properties were 
coupled with modifications in the Pd particle size for elucidating the influence of EMSI 
effects at the interface and nanoparticle surface. Testing the catalysts for the liquid-phase 
hydrogenation of α,β-unsaturated aldehyde – cinnamaldehyde, revealed correlations between 
the annealing temperatures, support properties, metal nanoparticle size, MSIs, and catalyst 
performance. The strategies developed in this work allowed us to clearly identify the active 
sites for the hydrogenation of cinnamaldehyde. Our work provides deeper insights into the 
EMSI effects and offers routes for engineering next-generation α,β-unsaturated aldehyde 
hydrogenation catalysts. The results of our study are expected to be applicable for the 
development of a variety of hydrogenation catalysts and thereby lead to a broader impact in 
several domains such as biomass conversion, organic chemistry, and green chemistry.  
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4.2 Results 
4.2.1 Initial Considerations on Metal-support Interactions in Pd/C Catalysts 
 Trends between catalytic activity and the support’s surface chemistry have been 
established for carbon-supported precious metal catalysts. However, the mechanisms by 
which topological defects and heteroatom-containing functional groups alter the catalytic 
activity of the supported metal atoms are still debated. Several groups proposed that polar 
functional groups alter the hydrophilic-hydrophobic character of the surface, hereby 
influencing the reactants’ adsorption mode and, as a result, the rate and selectivity of the 
reaction. For the hydrogenation of cinnamaldehyde, an α,β-unsaturated model compound, 
this interpretation is supported by infrared spectroscopy measurements, which revealed a 
strong correlation between the support’s surface polarity, cinnamaldehyde’s adsorption 
mode, and the C=C/C=O selectivity for the hydrogenation reaction. However, theoretical 
calculations that support this causal connection are still missing. Therefore, it cannot be 
excluded that the observed switch in cinnamaldehyde’s adsorption mode is the consequence 
of a change in the electronic structure of the metal active phase rather than the cause of the 
observed differences in selectivity. 
Alternatively, several groups have instead proposed that the observed differences in 
catalytic activity are due to ligand effects. The oxygen-containing functional groups that 
decorate the structural defects of carbon surfaces could bind to the metal active phase and 
alter its electronic structure through charge transfer.22 In the ligand field theory, electronic 
density can either flow from the ligand to the metal or from the metal to the ligand depending 
on the position of its molecular orbitals, hence the nature of the ligand. This interpretation is 
also consistent with the shifts in binding energy observed by XPS for Pd and Pt nanoparticles 
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supported on functionalized carbons.23 However, for the ligand field theory to apply, the 
orbitals of the transition metal atoms and of the ligands must overlap. This implies that each 
transition metal atom must be within metal-ligand bonding distance of at least one functional 
group, which becomes increasingly unlikely as the O/C ratio at the surface decreases. 
However, we have recently demonstrated that carbon support effects remain relevant upon 
annealing at 600 °C, i.e. a temperature at which the thermal decomposition of oxygen-
containing functional groups is significant. Therefore, we conclude that none of the 
interpretations proposed so far accurately describe the chemical and electronic effects that 
take place at the metal-carbon interface. Moreover, in the case of studies performed for 
precious metals supported on activated carbon, diffusion limitations and confinement in the 
support’s micropores may also contribute to the differences in catalytic activity that have 
been reported.24 
 
4.2.2 Design of a Carbon Platform for the Experimental and Theoretical Investigation 
of Metal-carbon Support Interactions 
 Stacked-cup carbon nanotubes (SCCNTs) provide key advantages over other carbon 
supports for investigating metal-carbon interfacial phenomena and their impact on 
catalysis.21 In contrast to activated carbon, which presents a complex 3-dimensional pore 
system with a large fraction of micropores, SCCNTs exhibit a tubular shape with a single 
cylindrical ~40 nm mesopore extending along the main axis of the nanotube.25 From a 
reactivity standpoint, this morphology enables a fast diffusion of reactants and products and 
an excellent access to the metal nanoparticles decorating the carbon surface, making it easy 
to compare the performance of SCCNT-supported catalysts. From an advanced 
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characterization perspective, the smooth carbon surface also facilitates the high-resolution 
imaging of the metal nanoparticles and of the metal-carbon interface. But SCCNTs’ key 
advantage is that these nanotubes consist of a graphitic core wrapped with a pyrolytic carbon 
shell (Figure 1). This shell consists of highly defective 1-2 nm sheets similar to the basic 
structural units found in activated carbon and carbon black, and that self-assembled on the 
graphitic core to form an homogeneous ~10 nm layer (PS sample). This layer can be 
thermally annealed until reaching a nearly defect free graphitic state at 3000 °C (HHT 
sample). Hence, the structure and surface chemistry of the selected SCCNTs can be tuned 
without altering their morphology, specific surface area, and porosity,25-27 hereby offering a 
unique platform for studying metal-carbon support interactions. This platform also presents 
advantages for theoretical calculations as the system can be accurately modeled as a 
defective graphenic sheet for which defect density and concentration of oxygen-containing 
groups decorating the defects can be easily modulated. 
 
 
Figure 1. Transmission electron microscopy image of SCCNT catalysts depicting its dual 
structure. The supports demonstrate an increase in the graphitic inner surface with annealing 
temperature of a) 700 °C, b) 1500 °C, and c) 3000 °C 
115 
4.2.3 Evidence for Electronic Metal-carbon Support Interactions and Interfacial 
Charge Redistribution 
 We built the present study on intriguing catalytic results obtained for cinnamaldehyde 
hydrogenation using Pd/SCCNTs with different levels of carbon surface functionalization.21 
These early results revealed strong correlations between the scaffold’s surface chemistry, the 
selectivity to the C=C hydrogenation product hydrocinnamaldehyde, the reversibility of the 
hydrogen chemisorption process (double isotherm method), and the presence of an electron-
depleted Pdδ+ contribution in the X-ray photoelectron spectra (XPS) of the tested catalysts. 
Theoretical calculations shed light on these correlations as QUAMBO charge analysis 
revealed that Pd atoms bound to oxidized carbon supports are positively charged as a result 
of a charge redistribution at the metal-carbon interface. However, these correlations remained 
qualitative at best and the contribution of a non-stoichiometric palladium suboxide (PdOx) 
phase could not be ruled out using ex situ XPS due to the exposure of the samples to air. 
Therefore, we started the present work with an in situ near ambient pressure XPS (NAP-
XPS) investigation of the Pd active phase under reducing conditions. 
Palladium was deposited on defective SCCNTs (PS support) prior to the NAP-XPS 
experiment. We preferred the incipient wetness impregnation method over other deposition 
techniques in order to minimize the number of chemicals and ligands that may subsequently 
influence the catalytic activity of the metal sites. Hence, all the samples were prepared with a 
nominal loading of 5 wt.% Pd using an aqueous solution of palladium nitrate. This precursor 
decomposes at low temperature, below 200 °C,28 and yields ~5 nm Pd0 nanoparticles free of 
contaminants (e.g. chlorides) upon reduction in hydrogen at 400 °C (Supporting 
Information).29 
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For the NAP-XPS experiment, the catalyst precursor Pd(NO3)2/PS was first calcined in 
0.3 mbar of oxygen at 250 °C, cooled down in vacuum, then treated in 0.3 mbar of hydrogen 
at 80 °C and ramped to 400 °C at 10 °C/min to reproduce the conditions used in laboratory 
experiments. The high flux of photons supplied by the BESSY II synchrotron enabled us to 
continuously monitor the evolution of the carbon support (C1s, O1s) and of the palladium 
active phase (Pd3d) over the course of the experiment, hence identify relationships between 
the metal’s oxidation states and the support’s surface chemistry. As for most nitrates, the 
palladium precursor decomposed a low temperature, ~80 °C, leaving Pd atoms in various 
oxidation states on the scaffold’s surface upon calcination in oxygen. Further heating in H2 
converted the metal oxides to metallic Pd0, as confirmed by the lack of signal 336.1 eV in the 
Pd3d spectra and the sharp drop in signal at 530.2 eV in the O1s spectra (Figure S1). Upon 
reduction at 400 °C, the Pd3d spectra showed a main contribution at 335.1 eV (Figure 2a) 
consistent with the binding energy reported in the literature for bulk Pd0.30 However, an 
additional signal at 335.95 eV was needed to fit the spectra. This binding energy is 
inconsistent with the values reported for Pd+ (~335.5 eV) and Pd2+ (336.3-336.9 eV), for both 
Pd oxides and carbides. In addition, the chemical shift for the 3d5/2 core level is +0.85 eV, 
hence significantly higher than the +0.18 eV observed for Pd hydride.31 The valence band 
spectra were also lacking the states with substantial d character at 8 eV that were reported for 
PdH.32 These results, along with the changes in intensity of the 335.95 eV signal observed 
with increasing temperature, support the presence of a Pdδ+ phase that arises from a charge 
redistribution at the Pd-C interface and that is sensible to the concentration of oxygen-
containing functional groups decorating the scaffold’s surface. 
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Our previous DFT calculations and QUAMBO charge analysis revealed that these 
electronic effects are the strongest within the first two atomic layers near the interface and 
decay rapidly with increasing distance. However, the electronic perturbation remains strong 
enough to extend throughout ~2.5 nm Pd nanoparticles and alter the chemisorption of 
hydrogen and oxygen at the apex of the metal particle by 50 kJ mol-1.21 Therefore, it 
remained unclear whether the experimentally detected Pdδ+ phase is solely present near the 
interface or is more broadly distributed, e.g. forming a shell around a Pd0 core. To address 
this question we performed an in situ XPS depth profiling analysis by varying the energy of 
the incident photons from 780 eV to 480 eV, which corresponds to varying analysis depth 
(Figure 2b). Deconvolution of the corresponding XPS spectra revealed an increase in the 
Pdδ+/Pd0 ratio from 0.44 to 0.5 with increasing analysis depth, consistent with strong 
interfacial phenomena that decay with increasing distance from the support. These electronic 
effects are significant near the interface as they alter the atom’s core electrons and induce a 
perturbation similar to a change in oxidation state. 
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Figure 2. (a) Synchrotron XPS Pd3d spectra of the Pd(NO3)2/PS catalyst precursor collected 
during in situ calcination in 0.3 mbar O2 and heating at 10 °C/min in 0.3 mbar H2. The 
corresponding Pdδ+/Pd0 ratio is marked next to each spectrum. (b) XPS depth profiling spectra 
of the Pd/PS sample after reduction in H2 at 400 °C. The corresponding Pdδ+/Pd0 ratio for each 
analysis depth is marked next to each spectrum.  
 
4.2.4 Consequences on Palladium’s Catalytic Activity 
 We started this part of the work by investigating how the interfacial charge 
distribution affect the rate of the reaction. To this end, Pd nanoparticles were deposited on 
oxidized SCCNTs (Pd/PS sample) and the particle size was tailored by subsequent annealing 
in nitrogen for 2 hours at temperatures ranging from 400 to 850 °C. The variations in the 
annealing temperature and thereby the particle size were introduced to strategically control 
the metal-support interactions and identify the reactive sites. Approaches involving the 
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variations in metal loading or ligand-based synthesis were not considered for tuning the 
particle size due to the challenges associated with these techniques, such as steric effects of 
the ligands.33-34  
 Comparing the reaction rates of the obtained catalysts at 10% CALD conversion 
revealed a strong dependence on the particle size obtained from hydrogen chemisorption 
(Figure 3). The observed change in rate cannot be explained by geometric effects, i.e. a 
change in metal surface area, as normalizing the rates with the Pd surface area determined by 
hydrogen chemisorption only had a marginal effect on the trend (Figure 3). These differences 
in rates were not a result of variations in palladium loading either as elemental analysis 
confirmed that the metal loading was uniform across all samples (Table S1). This result was 
unexpected as cinnamaldehyde hydrogenation was demonstrated to be a structure insensitive 
reaction, meaning that particle shape and local coordination number of surface atoms have no 
effect on turnover frequency (TOF) when the metal nanoparticles decorate an inert support 
such as silica.35 For annealing temperatures ≥850 °C, the drop in reaction rate may be 
explained by the partial encapsulation of the metal nanoparticles with carbon. Aberration-
corrected transmission electron microscopy (ac-TEM) performed on samples annealed at 850 
and 1000 °C revealed that carbon atoms from the defective support become mobile at high 
temperature and migrate onto the metal nanoparticles (Figure S2). This phenomenon also 
explains that chemisorption overestimated the metal particle size compared to XRD for these 
two samples. However, at lower annealing temperatures, the metal surface was found to be 
free of carbon and the observed drop in normalized rates was free from artifacts. In contrast, 
annealing the support in inert atmosphere prior to Pd deposition had no effect on the 
normalized rates (Figure 3). These results suggest more complex support effects that solely 
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take place at the Pd-C interface and that are directly correlated to the area of the metal-carbon 
contact. 
 As our NAP-XPS depth profiling experiment revealed the presence of a Pdδ+ phase at 
the interface between the metal nanoparticles and the support, we further studied the 
contribution of the Pdδ+ phase to the observed catalytic activity for the two Pd/SCCNT 
sample series with pre- and post-synthetic annealing. We have already demonstrated that 
when annealing is performed prior to Pd deposition, the Pdδ+/Pd0 ratio increases with the 
annealing temperature and is directly correlated with the concentration of oxygen-containing 
functional groups decorating the scaffold’s surface.21 Assuming hemispherical particles, a 
simple calculation using the relative ratio of Pdδ+ and Pd0 contributions in the Pd3d spectra 
showed that only the first 1-2 atomic layers near the interface are impacted by the charge 
transfer for ~5 nm particles. Hence, the variations in the Pdδ+/Pd0 ratio are not sufficient to 
significantly alter the number of Pdδ+ atoms at the interface and the rate of the reaction 
remains unaltered throughout this sample series (Figure 3). However, when the annealing 
step is carried out after Pd deposition, the thermal treatment also favors the sintering of the 
Pd nanoparticles, increasing their average size from 4.6 to 23.9 nm. The inverse dependence 
between particle size and Pd atoms at the interface leads to a sharp drop in the Pdδ+/Pd0 ratio 
and of the interfacial effects on catalytic activity. This explains why the TOF drops rapidly 
for samples annealed at 400 and 550 °C but remains within error bars for higher annealing 
temperatures. These results implicitly confirm that cinnanmaldehyde hydrogenation is 
structure insensitive when the support is inert or has a minimal effect on the metal active 
phase, in agreement with previous works, and reveals that the charge redistribution at the Pd-
C interface boosts the catalytic activity. 
121 
 This interpretation is further supported by hydrogen chemisorption results using the 
double isotherm method. For both sample series, the ratio of reversibly and irreversibly 
chemisorbed hydrogen (Hirrev/Hrev) followed the exact same upward trend as Pdδ+/Pd0 with 
increasing annealing temperature, which indicates that Pdδ+ binds hydrogen more strongly 
than Pd0. The strong hydrogen binding did not alter the rate of the reaction (vide infra) but 
altered the selectivity of the reaction by preventing the over-hydrogenation of 
cinnamaldehyde to phenylpropanol. Conversely, for samples prepared by post-synthetic 
annealing, hydrogen chemisorption became more reversible with increasing annealing 
temperature, in agreement with the decreasing Pdδ+/Pd0 ratio. As discussed previously, the 
interfacial charge distribution plays a minor role for this sample series and the metal’s 
adsorption properties as well as rate and selectivity are essentially the same as for bulk Pd. 
The influence of the Pdδ+ phase also explains the contradiction between our trends and the 
results of Jiang et al on particle size effects for Pd/Al2O3 catalysts.36 In contrast to the δ+ 
phase for Pd/C catalysts, Al2O3 supported catalysts exhibit a Pdδ- phase, which based on our 
interpretation would bind hydrogen more weakly and lead to a lower selectivity to 
hydrocinnaldehyde.36-37  
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Figure 3. CALD conversion rates and selectivity with Pd particle size obtained from 
hydrogen chemisorption 
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4.2.5 Spatial Distribution of the Pdδ+ Phase and Intrinsic Rate of Charge-depleted Pd 
 The results obtained thus far prove that strong correlations exist between the EMSI 
effects, catalyst selectivity, reaction rate. Overall, the TOF decreases with the total perimeter 
and surface area as depicted in Figure 4. However, as the correlation between the perimeter 
and TOF dominates that over the surface area, the reaction is expected to predominantly 
occur at the interface of Pd and carbon. Resasco, Haller, and Omotoso et al have reported 
similar conclusions in the past for Rh/TiO2 catalysts.38-39 Differences in activity for various 
types of atoms (edge, face, defect) in Pd, Pt, and Rh nanoparticles have also been reported for 
other hydrogenation and dehyrogenation reactions.40-41 However, in these studies, the 
influence of geometric and electronic effects on the catalytic activity have been observed for 
metal particles smaller than 3 nm in diameter. It is commonly considered that particles in 
excess of 5 nm demonstrate bulk like behavior and the geometric effects do not play for them 
since the ratio of defect to face atoms does not change drastically after this. Despite this, our 
results demonstrate that the activity is affected by the particle size and specifically the atoms 
at the perimeter for particles larger than 5 nm. 
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Figure 4. Turnover frequencies, total perimeter, and total surface area plotted against the 
diameter for the PdPS catalysts from no annealing to annealed at 700°C. The data are 
normalized to the highest value of each type of parameter. 
 
125 
 In order to understand the variations in catalytic activity with Pd nanoparticles larger 
than 5 nm and their predominant dependence on the atoms at the interface, a model 
representing our catalytic system was developed. Firstly, the Pd0/Pdδ+ ratio obtained from 
XPS was analyzed for defining the basic parameters of the model system. Using this 
experimental data, the height (x) as depicted in Figure S3, which represents the part of the 
nanoparticle near the interface that is affected by the charge transfer, was estimated. For Pd 
nanoparticles supported on the PS SCCNTs in the range of 5 to 8 nm, the value of x was 
observed to be approximately 0.25. Using this x value, the Pd surface area that will be 
affected by the Pd0 and Pdδ+ phase was estimated and then multiplied by an intrinsic reaction 
rate of 2 and 600 moles m-2 h-1 for the two phases, respectively. The total activity was 
calculated and plotted against the particle diameter to represent our model system (Figure 3). 
Consequently, the observed reaction rate was also plotted with the diameter as obtained from 
experimental CALD hydrogenation data and hydrogen chemisorption (Figure 4). The plots 
obtained from the model system and the experimental data depict similar trends, suggesting 
that the intrinsic rates at the interfacial atoms and surface atoms in the Pd/C catalysts could 
indeed be different.  
 
4.2.6 Theoretical Insights into the Reactions at the Pd-C Interface 
 EMSI effects are typically thought to be minimal for C-supported particles, 
particularly for large particles. Here, we use DFT calculations to examine reactions on Pd119 
and Pd293 hemispherical cubo-octahedral particles supported on functionalized graphene 
supports (details in Methods). Specifically, we examine the H*-addition to 2-butenal, a 
model α,β-unsaturated compound that is analogous to cinnamaldehyde without the phenyl 
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group; this simpler model compound allows for a closer assessment of the effects of support 
and location on its hydrogenation without steric influences of the phenyl group. Prior work 
indicated that metal atoms covalently bound to the C-support have significantly higher partial 
charge (~0.15 e−) but that support effects are rapidly screened by the metal particle, such that 
metal atoms one-layer removed were slightly negatively charged, on average (−0.04 e−) with 
continued decreases in absolute charge with increasing distance between the C-support and 
the metal atoms, as expected.21 
 Metal surfaces are often treated as a series of non-interacting identical sites by 
Langmuirian models, in direct contrast to the well-described effects of particle size and shape 
on turnover rates [R]. These impacts of particle morphology are typically described as 
altering a distribution of metal atoms in low-index terraces, undercoordinated edge and 
corner sites, and present in step-edge defect sites.42-44 High coverages of spectating or 
reactive species, furthermore, also influence the nature of active sites and these co-adsorbate 
interactions can also influence reaction rates beyond the site-blocking effects captured by 
Langmuirian surface models. Recently, non-ideal Langmuir-Hinshelwood kinetic models 
were used to describe CO-H2 reaction rates on Ru catalysts whose surfaces are essentially 
saturated in CO* at all practical CO pressures.45 That work described low-coverage (non-
interacting coverages of CO*) as ‘ideal’ in the context of surface reactions and deviations 
from that ideality were described with activity coefficients to capture observed deviations 
from Langmuirian behavior. Finally, surface-support interactivity has been previously 
described for CO* oxidation and other reactions [R] in which reactants convert directly at 
metal-support interfaces, often transferring from the support to the metal.46-48 Here, we will 
describe heterogeneity among metal surface sites by demonstrating that metal atoms in low-
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index planes are directly affected by their proximity to the underlying support—even for 
reactions that do not directly react with or bind to support atoms. 
 Figure 5 shows the average binding energies of CH*, O*, and H* adsorbates and how 
that average binding energy varies on a Pd119 cluster. These adsorbates were bound to sites 
with distinct surface indices (111 or 100), undercoordinated corner/edge atoms, and 
proximity to the underlying support (modeled as graphene sheets and graphene 
functionalized by O* and OH* groups, as described in the methods). These three adsorbates 
(CH*, O*, and H*) were chosen because they are small adsorbates that bind consistently to 
hollow sites (three-fold and four-fold) on 111 and 100 surfaces and they describe how many 
hydrocarbons and oxygenates interact with metal surfaces via scaling relationships. The 
average binding energy for these three species on the 100 surface was −421 kJ mol−1, slightly 
lower that on the 111 surface (−414 kJ mol−1). On 111 surfaces, species were bound more 
weakly to ‘hcp’ three-fold sites (−418 kJ mol−1), which have a metal atom directly beneath 
them in the subsurface, than to ‘fcc’ three-fold sites (−410 kJ mol−1). CH*, OH*, and H* 
adsorbed more weakly to Pd particles on functionalized graphene (−410 kJ mol−1) than to Pd 
particles on pristine graphene (−423 kJ mol−1) across the same ensemble of binding sites, 
indicating that the electron withdrawing effects of the support rendered Pd atoms more 
chemically inert. This is also seen be average binding energies across the surface of the two 
particles (Figure 5), which show that binding energies at interfacial sites are significantly 
weaker (less exothermic) than binding energies to the top surface. Sites are not only 
influenced by the coordination number or interfacial properties of their metal atoms; the 
average binding energy to an fcc three-fold site on the top of the particle is −425 and −419 kJ 
mol−1 for Pd on pristine and functionalized graphene, respectively, whereas an equivalent fcc 
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three-fold site on the side of the particle binds CH*, OH*, and H* with an average energy of 
−436 and −429 kJ mol−1, respectively. These increases in binding strength of ~10 kJ mol−1 
can only be caused by the proximity to the underlying support and not because of direct 
changes in the coordination numbers of the metal atoms or whether those metal atoms were 
covalently bound to the support. These data (Figure 5) show the heterogeneity of a relatively 
small metal particle whose sites often involve undercoordinated metal atoms. 
 
 
Figure 5. Average binding energy (kJ mol−1) for CH*, OH*, and H* on a Pd(111) surface and 
Pd119 clusters on pristine and functionalized graphene supports. Dots indicate hcp three-fold 
sites. Gray squares indicate unexamined binding sites. 
 
 Next, we examined a Pd293 cluster (Figure 6) which has larger terraces and thus 
contains more sites, which lack the corner/edge atoms which conflate the effects of the 
underlying support on metal reactivity. These calculations are still in progress, but they will 
involve the clusters pictured below only we will only look at the sites, which do not have 
undercoordinated metal atoms (shown in green in Figure 6). 
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Figure 6. Pd293 clusters used to get more insights into the change in binding energy with 
particle size. These calculations are still in progress. 
 
 Cinnamaldehyde hydrogenation can form two distinct primary products, an enol and 
an aldehyde. Here, we model the hydrogenation of a cinnamaldehyde proxy, crotonaldehyde 
(but-2-enal), which can also form two primary products (butanal and butenol) from 
hydrogenation. Reactivity trends observed for cinnamaldehyde hydrogenation on Pd/C 
catalysts suggest that C=C bonds are selectively hydrogenated at low conversions. 
Crotonaldehyde hydrogenation was modeled to complete saturation (forming 1-butanol) on 
Pd(111) surfaces to determine kinetically-relevant steps in the formation of butenal and in the 
direct formation of 1-butanol. Activation and reaction free energies suggest that butenal is 
formed via sequential H-addition to the C3 atom (adjacent to the –CH3 group) followed by 
H-addition to the C2 atom; in which the first H-addition (to C3) is the rate determining step. 
This reaction was then modeled on top of the Pd119 cluster and on the side of the Pd119 cluster 
(near but not binding to the support or the interfacial Pd atoms of the particle). The average 
intrinsic activation barrier for H-addition to crotonaldehyde was 71 kJ mol−1 when the 
reaction was modeled on four distinct sites on top of the Pd119 particle (ranging from 68 to 74 
kJ mol−1); however, when this same reaction was modeled at seven distinc sites on the sides 
of the same Pd119 particle on functionalized graphene, the average intrinsic barrier was 63 kJ 
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mol−1 (with values ranging from 56 kJ mol−1 to 71 kJ mol−1). This decrease in the activation 
barrier by 8 kJ mol−1 for reactions occurring near the interface is consistent with increased 
reactivity of those sites as inferred from kinetic data in previous sections. The transition 
states used to calculate these barriers do not involve edge/corner atoms and thus these shifts 
only represent the impacts of proximity to the underlying carbon support. 
 The heterogeneity of a metal surface is therefore caused by the distinct crystal facets 
(e.g. 111 vs 100), the metal-atom coordination of the binding ensemble, and the proximity to 
the underlying support. These proximity effects are demonstrated here for large metal 
particles (>100 clusters) on a non-covalent and covalently interacting carbon supports. The 
support can shift binding energies of small model adsorbates (CH*, OH*, and H*) as well as 
alter activation barriers for key reactions, and thus may directly influence rates without 
directly binding to or interacting with reacting species. These electronic effects may be 
screened for many sites on large metal particles, but sites near the interface will be influenced 
by carbon supports for any particle size, even if those sites are not directly at the interface. 
 
4.2.7 Elucidation of the Driving Forces Behind the Charge Redistribution at the Pd-C 
Interface 
 We subsequently investigated the origin of these electronic effects using ultra-violet 
photoelectron spectroscopy (UPS).49 The analysis of the collected spectra revealed that the 
work function (WF) of the SCCNT support was significantly shifted compared to pristine 
graphite (WF = 4.0 eV) and was a function of the concentration of surface oxygen-containing 
functional groups. The shift was the largest for PS SCCNTs after oxidation with nitric acid 
(WF = 5.0 eV) and the WF decreased to 4.5 eV quasi linearly with the annealing temperature, 
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hence the C/O ratio at the surface (Table S2), in agreement with recent studies on the 
optoelectronic properties of reduced graphene oxide. Therefore, our results suggest that the 
Pdδ+ phase observed by XPS arises from the difference in position of the Fermi levels of the 
functionalized carbon supports (WF = 4.5-5.0 eV) and the palladium nanoparticles (WF ca. 5.3 
eV).  
 
4.3 Discussion 
 We have previously demonstrated that carbons are not inert supports but, instead, that 
they can substantially alter the activity of a metal active phase decorating their surface. In 
contrast to the ligand-like effects reported for single-atom catalysts, these MSI are 
significantly more complex in the case of metal nanoparticles as they remain strong at low 
oxygen coverage, when the number of metal atoms at the interface outnumbers the potential 
ligands. We have also demonstrated that these effects as strong enough to shift the binding 
energy of Pd’s core electrons by 0.85 eV. As this shift is of the same order of magnitude than 
a change in oxidation state and as Pd may reoxidize when handing the sample in air prior to 
XPS analysis, it was important to repeat the calcination-reduction process in situ. The NAP-
XPS experiments performed in the first part of this study now provide direct evidence that 
the Pd nitrate precursor decomposes at low temperature to form PdO in oxygen, and is 
further reduced to metallic Pd in hydrogen. As expected from temperature programmed 
reduction studies reported by others, this reduction takes place at ~80 °C for 5 nm Pd 
nanoparticles. However, in contrast to Pd on oxide supports, a substantial fraction of the Pd 
atoms remain in a Pdδ+ state, even after reduction at 400 °C in hydrogen. Analysis of the O1s 
and C1s spectra revealed that Pd oxides and Pd carbides can be excluded under these 
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conditions. In addition, this Pdδ+ phase was also detected during depth profiling in vacuum, 
i.e. conditions under which Pd hydrides are unstable. Depth profiling also revealed that in 
contrast to core-shell structures for which significant changes in composition are detected 
depending on the analysis depth, the Pdδ+/Pd0 ratio varied only slightly from 0.44 to 0.5. This 
result is consistent with a Pdδ+ phase present only at the interface with the carbon support. 
 As the samples were annealed and the Pd particle size increased, we observed a 
progressive decrease in Pdδ+/Pd0 consistent with a larger number of Pd atoms present in the 
bulk of the metal nanoparticle. This change in composition altered the rate of the reaction. 
However, the decrease in rate was inconsistent with simple geometric effects as the turnover 
frequency dropped with particle size. This observation suggested that the intrinsic rate of the 
Pd atoms depend on their position in the metal particle and that Pdδ+ atoms near the interface 
may be significantly more active than Pd0 atoms. To further test this hypothesis, we 
developed a simple mathematic model to predict the evolution of the reaction with particle 
size. When Pd atoms all show the same intrinsic rate, the overall activity decreases with an 
inverse 1st order trend inconsistent with the experimental data. Using the Pdδ+/Pd0 ratio 
provided by XPS, we then attributed different intrinsic rates to the two phases to change their 
weighted contributions to the overall reactivity. We found that to fit the experimental data, 
Pd atoms near the interface must show an intrinsic rate about two orders of magnitude higher 
than bulk Pd0 atoms. This intrinsic rate is consistent with the DFT calculations as the energy 
barrier for butenal hydrogenation to butanal is about 10 kJ mol-1 lower for Pd atoms near the 
interface that in Pd atoms (111) terraces further away. These results also explain the increase 
in selectivity observed for supports annealed prior to Pd deposition. As the Pdδ+ contribution 
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increases with the annealing temperature for this sample series, the formation of HCALD is 
kinetically favored over PP due to the lower energy barrier for Pd atoms near the interface. 
 Finally, we confirmed the presence of EMSI using UPS. This technique allows a 
direct measure of the work function of the supports and catalysts, hereby providing direct 
evidence for changes in the electronic structure of the support and its effect on the active 
phase. Although UPS characterizes an integral change in support properties (not just the Pd-
C interface), the linear correlation observed between WF, Pdδ+ contribution, and selectivity 
was intriguing. 
 In summary, we demonstrated the existence of EMSI effects for Pd/C that can be 
modulated through simple thermal treatments. These effects are strong enough to change the 
electronic structure of Pd atoms near the interface and, consequently, their adsorption 
properties and catalytic activity. 
 
4.4 Methods 
4.4.1 Catalyst Synthesis 
 Commercial stacked cup carbon nanotube (SCCNT) supports were purchased from 
Pyrograf Products Inc. (Ohio, USA). The SCCNTs were synthesized by chemical vapor 
deposition (CVD) and annealed at 700 post synthesis to give the pyrolytically stripped (PS) 
supports. This annealing process removes the polyaromatic hydrocarbons from the fiber 
surface without altering the morphology and textural properties of the nanotubes.25 Prior to 
use, the obtained supports were treated with trace metal grade concentrated nitric acid (65% 
HNO3, Fisher scientific) at 100 °C for 4 h in order to remove any impurities and to 
functionalize the carbon surface. The nitric acid to SCCNT ratio was set to 500 ml for 10 g of 
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carbon for consistency with previous works.25, 50-51 Following this treatment, the oxidized 
SCCNTs were rinsed with 5 L of deionized water (18 MΩ, Millipore) and dried overnight at 
110 °C.  
 Palladium was deposited onto the oxidized SCCNTs by incipient wetness 
impregnation. Palladium nitrate dihydrate (~40% Pd, Sigma-Aldrich) was chosen as the 
metal precursor due to its ease of decomposition and absence of impurities in the catalyst 
post synthesis. 187.5 mg of the palladium precursor was dissolved in 12.6 ml deionized water 
adjusted to pH 4.0 using nitric acid. The precursor solution was added dropwise to 1.5 g of 
oxidized supports and the mixture was then sonicated for 5 min in order for the solution to 
homogeneously wet the carbon surface. The impregnated supports were then dried at room 
temperature for 8 h, at 65 °C overnight, and  at 80 °C for an additional 8 h. The impregnated 
samples were subsequently transferred to a quartz reactor placed in the center of a tube 
furnace for calcination and reduction. The dried samples were first calcined in flowing 
synthetic air (200 ml min-1; Airgas) at 250 °C for 2 h using a 2 °C min-1 ramp to decompose 
the metal precursor. After returning to room temperature, the gas atmosphere was switched to 
nitrogen (200 ml min-1; Airgas) for 30 minutes and then to hydrogen (200 ml min-1; Airgas) 
and the samples were reduced at 400 °C for 2 h using a 2 °C min-1 ramp. Post reduction, the 
reactor was kept at 400 °C, flushed with nitrogen for 30 min, and the samples were further 
annealed under nitrogen at 400, 550, 700, 850, or 1000 °C using a 10 °C/min ramp and a 
dwell time of 30 min. The samples thus obtained were labeled as PdPS Annealed-T, where 
PS represents the type of SCCNT support and T represents the annealing temperature.  
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4.4.2 Catalyst Characterization 
 The actual palladium content of each catalyst was measured by inductively coupled 
plasma-optical electron spectroscopy (ICP-OES, Perkin Elmer Optima 8000) and used to 
normalize the reaction rates. Prior to the analysis, the carbon supports of each sample were 
burned off by heating 30 mg of catalyst in air at 1000 °C for 6 h. The remnant materials were 
soaked overnight in 5 ml aqua regia to dissolve the palladium metal. The solution was then 
diluted with 45 ml deionized water and analyzed. Each catalyst was analyzed in 
quadruplicates. 
 The catalyst morphology and metal dispersion were imaged using a FEI Quanta 250 
scanning electron microscope (SEM) operated at 10 kV. The catalyst samples were placed in 
aluminum cups and maintained with a solution of sticking tape soaked in hexane. The 
aluminum cups were mounted on carbon stubs and the samples were imaged using both the 
secondary and back-scattered electron detectors (for enhanced Z-contrast).  
 Surface adsorption properties and palladium particle size were probed by hydrogen 
chemisorption using a static volumetric system attached to a Micromeritics ASAP 2020C 
instrument. 70 to 80 mg of catalyst was packed in a U-shaped chemisorption tube using 
quartz wool and  re-reduced in situ under hydrogen at 350 °C to remove any palladium 
surface oxides. The tube was then evacuated, cooled down, and hydrogen was progressively 
reintroduced to record the adsorption isotherm under isothermal conditions (35 °C). 
Following this step, a vacuum was applied to remove the weakly bound hydrogen and a 
second adsorption isotherm was conducted. The adsorptions in the first and second isotherms 
represent the total (Htot) and reversibly (Hrev) bound hydrogen, respectively. The size of the 
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Pd nanoparticles was obtained from Htot and the adsorption properties of the catalysts were 
compared using the Hrev/(Htot-Hrev) ratio. 
 The average palladium particle size and particle size distribution were also measured 
for each sample using aberration corrected transmission electron microscopy (TEM). The 
samples were dispersed in ethanol on a holey carbon coated TEM grid and analyzed at 300 
kV using a FEI Titan 80 – 300 equipped with a Gatan US1000 CCD camera.  
 X-ray diffraction (XRD) analysis was conducted to estimate the Pd crystallite size 
and characterize any phase change with increasing annealing temperature. A Siemens D-500 
instrument with a copper X-ray tube, diffraction beam monochromator, a scintillation 
detector, a gold holder, and a medium resolution slit was used for the analysis. Two-theta 
values from 15 to 75 ° were scanned with a step size of 0.05 ° and a dwell time of 3 s per 
step. The data analysis and crystallite size estimation was conducted using the Jade software 
and the Scherrer equation.  
 X-ray photoelectron spectroscopy (XPS) studies were performed using a PHI 
ESCA 5500 instrument. The samples were irradiated with 225 W monochromated Al Kα X-
rays and the pass energy was set at 188 eV for survey scans, 47 eV for high resolution scans, 
and 59 eV for valence band scans.  
 The in-situ XPS experiments were performed at the ISSIS beamline of the FHI 
located at the BESSY II synchrotron facility in Berlin. The high pressure setup consists 
mainly of a reaction cell attached to a set of differentially pumped electrostatic lenses and a 
differential- pumped analyzer (Phoibos 150 Plus, SPECS GmbH), as described elsewhere.52 
The spectra were collected in normal emission in vacuum with a probe size of ~ 150µm x 
80µm. 
137 
The samples were heated from the back to 180°C using an external IR-laser (cw, 808 
nm) to compensate for charging. The temperature was controlled via a K-type thermocouple 
in direct contact with the sample surface.  
Gases were introduced in the reaction cell using calibrated mass flow controllers 
(Bronkhorst). The gas flows and the products released in the gas phase were simultaneously 
monitored by a differentially pumped quadrupole mass spectrometer (Pfeiffer) connected via 
a leak valve to the experimental cell.  
Sample contamination was checked by survey spectra at the beginning of each 
experiment. The photo electron spectra were taken at photon energies of 480, 680 and 780 
eV (Pd3d) as well as 680 eV (O1s) and 425 eV (C 1s), respectively, with a spectral resolution 
of 0.3 eV. The low electron kinetic energies of the Pd3d, O1s and C1s regions correspond to 
an electron mean free path of  8 Å while the higher electron kinetic energies of the Pd3d 
region corresponds to ≈ 10 Å. The total XPS information depth is  2 nm, that is, 95% of all 
detected electrons originate from 3λ.53 For XPS analysis, the photoelectron binding energy 
(BE) is referenced to the Fermi edge, and the spectra are normalized to the incident photon 
flux. Background correction was performed by using a Shirley background.54 The spectra 
were fitted following the Levenberg-Marquardt algorithm to minimize the χ2. Peak shapes 
were modeled by using asymmetric Doniach-Sunjic functions convoluted with Gaussian 
profiles.55 The accuracy of the fitted peak positions is ≈ 0.05 eV. 
 Ultraviolet photoelectron spectroscopy (UPS) and work function measurements were 
performed on a Specs Phoibos NAP-150 hemispherical analyzer with a monochromated Al 
K-alpha source and a non-monochromated He I-alpha ultraviolet source. During the UPS and 
WF measurements, the sample was held at a bias voltage of -20 V relative to the 
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spectrometer to accelerate the slow secondary electrons. The sample geometry was with the 
sample normal parallel to the electrostatic lens axis of the analyzer. Samples were measured 
at temperatures of 100 °C to 450 °C in 50 °C increments. The position of the work function 
was determined from the secondary electron cut-off, by fitting a line tangent to the data at 
point of steepest descent, and extrapolating the line to the intersection with the abscissa. The 
binding energy of this intersection represents the secondary electron cut-off. A value of 20 
eV was added to this binding energy to account for the applied voltage, and the resulting 
number was subtracted from the photon energy to yield the work function. 
 
4.4.3 Catalytic Investigations 
 The catalysts in this study were tested for the ambient pressure liquid phase 
hydrogenation of cinnamaldehyde. Reactions were performed in a 3-neck round bottom flask 
connected to a condenser maintained at 4 °C. Firstly, 100 mg of the catalyst was added to the 
batch reactor with 40 ml dioxane (99.8% purity, Sigma-Aldrich) and 365 mg decane (internal 
standard; ≥ 99% purity, Sigma-Aldrich) along with a stir bar. The reactor was placed in an oil 
bath at room temperature and the solution was stirred at 500 rpm. The system was then 
purged with nitrogen at 20 ml min-1 for 20 min using a Bronkhorst mass flow controller and a 
fine frit (10 – 20 µm porosity) to remove any air. Following this, the gas flow was switched 
to hydrogen and the temperature of the oil bath was ramped to 80 °C using an IKA-RCT 
magnetic stir plate equipped with a PT1000 thermocouple. After 30 minutes at 80 °C, 5 g of 
cinnamaldehyde dissolved in 10 ml of dioxane was added to the reactor with a syringe using 
the third neck of the flask fitted with a rubber septum. The addition of cinnamaldehyde 
marked the starting time of the reaction and 200 µl of samples were then withdrawn every 15 
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minutes. The reaction samples were collected in pre-cooled glass vials and refrigerated to 
immediately quench the reaction and prevent the evaporation of the solvent. All catalytic 
tests were performed in triplicates. 
 Reactant and products were analyzed using an Agilent 7890 A gas chromatograph 
(GC) with an HP-5 column (30 m X 320 µm X 0.25 µm) and a flame ionization detector 
(FID). Prior to the analysis, samples were diluted 15 times with dioxane, filtered using 0.22 
µm nylon filters, and 1 µl of this diluted sample was injected in the GC. A split ratio of 20:1 
at 20 ml min-1, inlet heater temperature of 300 °C, total flow of 24 ml min-1, septum purge 
flow of 3 ml min-1, and column flow of 1 ml min-1 was used. The initial temperature of the 
oven was maintained at 40 °C for 1 min and then increased to 180 °C with a ramp rate of 10 
°C min-1. The temperature of the FID heater was maintained at 300 °C.  
 
4.4.4 Density Functional Theory Calculations 
 Plane-wave density functional theory calculations were performed using the Vienna 
ab initio simulation package (VASP)56 to calculate the interaction energies between Pd 
particles and the carbon supports, as well as the reaction coordinates for cinnamaldehyde 
hydrogenation. In order to fully capture the electronic phenomena occurring at the metal-
carbon interface and their attenuation with distance from the support, the calculations were 
performed for Pd clusters of 119 and 293 atoms, which corresponds to nanoparticles of 1.7 
and 2.5 nm in diameter, respectively and 0.9 and 1.1 nm in height, respectively. The particles 
were modeled as cubo-octahedral particles which are composed of (100) and (111) surfaces, 
with atoms arranged in 4–5 metal layers orthogonal to the carbon surface. The support was 
modeled as either a graphene sheet or a functionalized graphene sheet (which has 0.125 ML 
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of O* and 0.125 ML of OH* adsorbed). The lattice parameters for the functionalized 
graphene sheet were 8.702 and 2.512; those for an equivalent pure graphene sheet were 8.523 
and 2.46, indicating that functionalization of the graphene sheet is associated with an 
expansion in C–C bonds. The functionalized graphene sheet, furthermore, is curved in a 
periodic manner, further increasing C–C bond lengths in a manner consistent with the 
rehybridization of C-atoms from sp2 to sp3. 
Plane-waves were constructed using an energy cutoff of 400 eV with projector 
augmented wave potentials57. The revised Perdew–Burke–Ernzerhof (RPBE) form of the 
generalized gradient approximation (GGA) was used to determine exchange and correlation 
energies58-59. Wavefunctions were converged to within 10−6 eV and forces were computed 
using a fast Fourier transform (FFT) grid with a cutoff of twice the planewave cutoff. A 1 × 1 
× 1 Γ-point sampling of the first Brillouin zone (k-point mesh) was used and structures were 
relaxed until forces on unconstrained atoms were <0.05 eV Å-1. Converged wavefunctions 
were transformed into a set of localized quasiatomic orbitals (QUAMBOs)60 and used to 
carry out Löwdin population analyses61 to determine the charges on the individual atoms. 
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4.6 Supplementary Information  
4.6.1 Interfacial metal-support interaction calculations:  
4.6.1.1 Experimental values:  
 The perimeter and surface area for each particle were calculated using equation (1) 
and (2), respectively.  
ܲ݁ݎ݅݉݁ݐ݁ݎ	݋݂	݋݊݁	݌ܽݎݐ݈݅ܿ݁ ൌ 2ߨܴ	 ሺ1ሻ 
ܵݑݎ݂ܽܿ݁	ܽݎ݁ܽ	݋݂	݋݊݁	݌ܽݎݐ݈݅ܿ݁ ൌ 2ߨܴଶ	 ሺ2ሻ 
where, R is the radius of the particle as obtained from hydrogen chemisorption and particles 
were assumed to be hemispherical in shape.  
 In order to obtain the total perimeter and the total surface area of all the nanoparticles 
in the catalyst, the values calculated for each particle were multiplied by the total number of 
particles. The number of particles in each catalyst were estimated using equation (3). 
ܰݑܾ݉݁ݎ	݋݂	݌ܽݎݐ݈݅ܿ݁ݏ	ሺ݊ሻ ൌ ܶ݋ݐ݈ܽ	ݒ݋݈ݑ݉݁	݋݂ܸܲ݀݋݈ݑ݉݁	݋݂	݄݁ܽܿ	݌ܽݎݐ݈݅ܿ݁ 	 ሺ3ሻ 
 As the total volume of Pd metal on each catalyst is constant due to the uniform 
loading of Pd, the numerator of the equation (3) can be assumed to be constant. Therefore, n 
will only be dependent on the denominator of equation (3). This correlation has been better 
explained in equation (4). 
ܰݑܾ݉݁ݎ	݋݂	݌ܽݎݐ݈݅ܿ݁ݏ	ሺ݊ሻ ∝ 1
൬2ߨܴଷ3 ൰
	 ሺ4ሻ 
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Therefore, the total perimeter of all the particles can be estimated by multiplying equation (1) 
and (4) to obtain equation (5). 
ܶ݋ݐ݈ܽ	݌݁ݎ݅݉݁ݐ݁ݎ	 ∝ 1ܴଶ 	 ሺ5ሻ 
Similarly, the total surface area of all the particles can be estimated by multiplying equation 
(2) and (4) to obtain equation (6). 
ܶ݋ݐ݈ܽ	ݏݑݎ݂ܽܿ݁	ܽݎ݁ܽ	 ∝ 1ܴ	 ሺ6ሻ 
The total perimeter and total surface area were normalized using the highest value for 
estimated for them in each catalyst series.  
4.6.1.2 Model values: 
 Theoretical models were designed to estimate the activity of the nanoparticles with 
different sizes. Using the ratio of Pd0 and Pdδ+ as obtained from X-ray photoelectron 
spectroscopy studies, the average height (x) at the metal-support interface, which will be 
affected by the Pdδ+ phase, was calculated to be approximately 0.25 nm. Using this height x, 
where the Pdδ+ phase will predominantly be present, the area at the surface of the particle that 
will be affected by this phase was calculated using equation (7). Similarly, the surface area 
that will be affected by the Pd0 phase was calculated using equation (8). 
ܵݑݎ݂ܽܿ݁	ܽݎ݁ܽ	݂݂ܽ݁ܿݐ݁݀	ܾݕ	ܲ݀ఋା݌݄ܽݏ݁ ൌ 2ߨܴଶ െ 2ߨሺܴ െ ݔሻଶ	 ሺ7ሻ 
ܵݑݎ݂ܽܿ݁	ܽݎ݁ܽ	݂݂ܽ݁ܿݐ݁݀	ܾݕ	ܲ݀଴݌݄ܽݏ݁ ൌ 2ߨሺܴ െ ݔሻଶ	 ሺ8ሻ	 
 In Model 1, it was assumed that the intrinsic reaction rate was the same on Pd0 and 
Pdδ+ sites. Therefore, the surface areas obtained from equation (7) and (8) were multiplied by 
the same intrinsic reaction rate of 300 mg ml-1 h-1 to obtain the total theoretical activity.  
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 In Model 2, it was assumed that the intrinsic reaction rate was the different for the Pd0 
and Pdδ+ sites. Therefore, the surface areas obtained from equation (7) and (8) were 
multiplied by intrinsic reaction rates of 600 and 2 mg ml-1 h-1, respectively, to obtain the total 
theoretical activity.  
 
4.6.2 Supplementary Tables 
Table S1. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) results for 
the palladium metal loading in catalysts using the PS supports with different annealing 
temperatures 
 
 
 
Catalyst Pd metal loading (%)[a] 
PdPS Pristine 3.1 ± 0.1 
PdPS Annealed-400 3.0 ± 0.3 
PdPS Annealed-550 2.9 ± 0.1 
PdPS Annealed-700 2.9 ± 0.1 
PdPS Annealed-850 2.9 ± 0.1 
PdPS Annealed-1000 3.2 ± 0.3 
[a] All samples were analysed in triplicates to obtain 
the standard deviation. 
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Table S2. Support annealing temperature used for pre-treatment, ratio of surface oxygen to 
carbon as obtained from X-ray photoelectron spectroscopy, and catalyst work function as 
measured from ultraviolet photoelectron spectroscopy  
 
 
 
Support annealing 
temperature (°C) 
Support O/C 
ratio 
Catalyst work 
function (eV) 
0 0.24 5.1 
200 0.23 5.0 
400 0.23 4.85 
600 0.11 4.73 
  
 
Table S3. Average palladium nanoparticle sizes as obtained from hydrogen chemisorption 
and X-ray diffraction (XRD)  
 
 
 
Catalyst 
Hydrogen 
chemisorption 
(nm) 
XRD (nm) 
PdPS Pristine 4.57 5.1 ± 0.3 
PdPS Annealed-400 5.49 5.5 ± 0.3 
PdPS Annealed-550 7.89 5.5 ± 0.3 
PdPS Annealed-700 10.48 11.3 ± 0.5 
PdPS Annealed-850 23.86 10.6 ± 0.3 
PdPS Annealed-1000 53.13 13.5 ± 0.6 
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Table S4. Pd particle size and surface area obtained from 1st adsorption isotherm and the 
difference (1st adsorption isotherm – 2nd adsorption isotherm) results in hydrogen 
chemisorption. Theoretical atomic cross section area for Pd used for the calculation was 
0.0787 nm2. 
 
 
 
Catalyst 
Particle size 
from 1st 
isotherm (nm) 
Surface area 
from 1st 
isotherm (m2/g 
sample) 
PdPS Pristine 4.57 5.46 
PdPS Annealed-400 5.49 4.55 
PdPS Annealed-550 7.89 3.16 
PdPS Annealed-700 10.48 2.38 
PdPS Annealed-850 23.86 1.05 
PdPS Annealed-1000 53.13 0.47 
Negative values of the particle sizes and surface area 
are due to the highly reversible nature of the isotherms  
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4.6.3 Supplementary Figures 
 
 
Figure S1. In-situ X-ray photoelectron spectra of a) O 1s and b) Pd 3d for Pd/PS catalysts at 
room temperature under vacuum and at increasing temperature up to 30 °C under hydrogen.   
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Figure S2. Aberration-corrected transmission electron micrographs of a) PdPS No Anneal b) 
PdPS Anneal700 c) PdPS Anneal850. Micrographs reveal varied thickness of the carbon 
overlayer on the Pd nanoparticles. 
 
(a) 
(c) 
(b) 
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Figure S3. Scanning electron microscopy (SEM) images of Pd/PS catalysts annealed at a) 
700, b) 850, and c) 1000 °C. The images were acquired in the BSE mode. Scale bar 
represents 500 nm.   
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Figure S4. Scanning electron microscopy (SEM) images of Pd/PS catalysts annealed at a) 
700, b) 850, and c) 1000 °C. The images were acquired in the BSE mode. Scale bar 
represents 500 nm.   
b) 
c) 
a) 
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Figure S5. Rates for CALD conversion normalized with Pd active metal surface area and the 
particle sizes obtained from hydrogen chemisorption. 
 
 
Figure S6. HCALD selectivity, particle size from hydrogen chemisorption, and Pd0/Pdδ+ 
phase ratio from XPS for the PdPS catalysts  
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Figure S7. X-ray diffractograms for the Pd on PS catalyst supports 
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Abstract  
In heterogeneous catalysis, supports not only serve to disperse the active phase and 
increase the number of active sites available to the reaction, but they can also actively 
participate in the reaction through activation of the reactants and/or modification of the active 
sites. Among the various metal-support effects known in catalysis, the electronic metal-
support interactions remain the least understood. Here, we demonstrate that these effects can 
be simply explained in terms of charge transfer at the metal-support heterojunction. The 
direction and intensity of this charge transfer can be predicted by measuring the work 
function and, when applicable, the band gap of the support. In the case of carbonaceous 
materials (carbon nanotubes, carbon nitride), the electronic structure of the support can be 
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further engineered through simple thermal treatments to tailor the catalytic performance of 
the active phase, hereby offering a powerful handle to fine tune the catalytic activity of metal 
nanoparticles. 
 
5.1 Introduction 
 The chemical industry relies heavily on nanostructured heterogeneous catalysts to 
minimize the formation of undesired byproducts—waste—and decrease the production costs. 
Industrial catalysts are constantly refined and optimized, a process that typically involves 
manipulating the electronic structure of the active phase with atomic precision. Various 
strategies have been explored and developed, for example to control the number of low 
coordination sites in metal nanoparticles by altering the size and shape of the particles or 
through alloying. In the 1960s, Schwab also hypothesized that the electronic structure of a 
metal, hence its catalytic activity, could be modulated by giving or withdrawing electronic 
density using a semiconducting support. The direction of this charge transfer would then 
depend on the metal-support heterojunction and the electronic properties intrinsic to the 
support material and the active phase. This hypothesis nucleated many studies over the past 
half a century and gave rise to the so-called strong metal support interactions (SMSI). 
However, advances in environmental transmission electron microscopy (ETEM) 
demonstrated a few decades later that most SMSI effects are actually due to the migration of 
species from the support onto the metal active phase under reducing conditions. Still today, 
there is limited evidence for electronic SMSI effects as defined by Schwab and in most cases 
evidence was provided for metal nanoparticles supported on well-defined semiconducting 
oxides.1-2 
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We have recently demonstrated that electronic metal-support interactions are not restricted to 
oxides but that carbon supports present similar properties when functionalized. Our work 
built on recent studies discussing the optoelectronic properties of nanocarbons. We showed 
that when structural defects such as vacancies are introduced in the honeycomb structure of 
graphitic carbons, carbons atoms located at edges are saturated with oxygen-containing 
functional groups that act as molecular dipoles. These dipoles alter the electronic structure of 
the carbon material and, as a result, promote a charge transfer at the metal-carbon interface 
strong enough to enhance the intrinsic rate of palladium atoms by two orders of magnitude 
for a model hydrogenation reaction. 
Here, we study these electronic effects in more details and demonstrate that they can be 
explained and predicted by measuring the work function of the carbon support and of the 
corresponding catalyst. Furthermore, the proposed method can be generalized and applied to 
other organic (carbon nitride) catalyst supports. 
 
5.2 Experimental Methods 
5.2.1 Catalyst synthesis 
 Mesoporous g-C3N4 supports were synthesized using a facile one-pot synthesis 
method that was recently reported.3 Melamine (99 %, Sigma-Aldrich) and ammonium 
chloride (≥99.5 %, Fisher) were grounded by mortar and pestle, and homogeneously mixed 
in a one-to-one mass ratio (5 g each). The mixture was then transferred to an alumina 
crucible, covered with a borosilicate watch glass, heated to the desired temperature (500, 
550, 600, 650 °C) in a muffle furnace (Carbolite) at a ramping rate of 2 °C min-1, and held for 
158 
2 h. The materials thus obtained were labeled as g-C3N4 T °C, where T represents the 
temperature that was used for the synthesis.  
 Palladium nanoparticles were deposited on the g-C3N4 supports using the deposition-
precipitation method.4 1 g of the support and 125 mg of palladium nitrate dihydrate (~40% 
Pd, Sigma-Aldrich) were added to 30 ml of deionized (DI) water. This mixture was stirred 
overnight at 400 rpm at 80 °C in a capped glass bottle. 1 M of NaOH solution was then added 
to the mixture and the pH was adjusted to 10.0. 5 ml of 0.5 M NaBH4 solution was added to 
this suspension for reducing the palladium. The Pd/g-C3N4 was separated using 
centrifugation at 4500 rpm for 10 min. The catalyst thus obtained was washed 5 times with 
50 ml of DI water and 3 times with 50 ml of 200-proof ethanol using centrifugation to 
separate the solid from the solution after each washing step. The catalysts were dried 
overnight in a vacuum oven at 100 °C.  
 Stacked cup carbon nanotube (SCCNT) supports were obtained from Pyrograf 
Products Inc. (Ohio, USA). The SCCNTs were synthesized by catalytic chemical vapor 
deposition (CCVD) using methane as a carbon source. Post synthesis, the polyaromatic 
hydrocarbons were removed from the SCCNT surface by heating them in an inert 
environment at 700 °C. The materials, thus obtained, were labeled as the pyrolytically 
stripped (PS) SCCNTs. Based on already reported procedures, 10 g of the PS SCCNTs were 
oxidized using 500 ml trace metal grade concentrated nitric acid (65% HNO3, Fisher 
scientific) at 100 °C for 4 h.5 Post oxidation, the supports were washed with 5 L of deionized 
water (18 MΩ, Millipore) and dried overnight at 110 °C. The oxidized PS SCCNTs were 
transferred to a quartz tube reactor, heated to different temperatures (200, 400, 600, 800 °C) 
with a ramp rate of 10 °C min-1 under nitrogen at 200 ml min-1, and held at this temperature 
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for 30 min. The thermally defunctionalized supports thus obtained, were labeled as PS200-
PS800 SCCNTs.  
 Palladium metal was deposited on the surface of the treated PS SCCNTs using the 
incipient wetness impregnation technique. 187.5 mg of palladium nitrate dihydrate (~ 40 % 
palladium, Sigma Aldrich) was dissolved in 12.6 ml of deionized water at pH 4.0, adjusted 
using nitric acid. This solution was added dropwise to 1.5 g of the oxidized supports and 
sonicated for 5 min. The impregnated supports were dried overnight at room temperature and 
65 °C, followed by an 8 h drying at 80 °C. These samples were heated to 250 °C at a ramp 
rate of 2 °C min-1 and held at this temperature in a quartz tube reactor under flowing air at 
200 ml min-1. This calcination treatment was used for thermally decomposing the palladium 
precursor. Following this, the reactor was cooled down to room temperature, purged with 
nitrogen gas at 200 ml min-1 to remove any oxygen from the system, and switched to 
hydrogen at 200 ml min-1. The quartz tube reactor temperature was then increased to 400 °C 
with a ramp rate of 2 °C min-1 and held at this temperature for 2 h. This reduction treatment 
was conducted to convert the palladium oxide to palladium metal in the supported catalysts.  
 
5.2.2 Catalyst characterization 
 The BET surface area and pore volume of the g-C3N4 supports were obtained using 
nitrogen adsorption-desorption isotherms at 77 K using the Micromeritics ASAP 2020 
instrument. Prior to this analysis, 100 mg of the samples were degassed at 100 °C for 15 h to 
a residual pressure of 66.66 Pa.  
 The elemental composition of the carbon nitride supports was investigated using a 
Perkin Elmer 2100 Series II CHN/S Analyzer. Acetanilide was used as the calibration 
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standard for the analysis. 1.5 to 2 mg of sample was weighed in tin capsules and the 
combustion/reduction tests were conducted at 925 and 975 °C. The expected precision and 
accuracy of the measurements for each element is +/- 0.3%.  
 X-ray photoelectron spectroscopy (XPS) studies were conducted on the PS SCCNTs 
using a PHI ESCA 5500 instrument. The samples were irradiated with 225 W 
monochromated Al Kα X-rays and the pass energy was set at 188 eV for survey scans, 47 eV 
for high resolution scans, and 59 eV for valence band scans.  
 Ultraviolet photoelectron spectroscopy (UPS) and work function measurements were 
performed on a Specs Phoibos NAP-150 hemispherical analyzer with a monochromated Al 
K-alpha source and a non-monochromated He I-alpha ultraviolet source. During the UPS and 
WF measurements, the sample was held at a bias voltage of -20 V relative to the 
spectrometer to accelerate the slow secondary electrons. The sample geometry was with the 
sample normal parallel to the electrostatic lens axis of the analyzer. Samples were measured 
at temperatures of 100 °C to 450 °C in 50 °C increments. The position of the work function 
was determined from the secondary electron cut-off, by fitting a line tangent to the data at 
point of steepest descent, and extrapolating the line to the intersection with the abscissa. The 
binding energy of this intersection represents the secondary electron cut-off. A value of 20 
eV was added to this binding energy to account for the applied voltage, and the resulting 
number was subtracted from the photon energy to yield the work function. 
 The palladium content of the catalysts was measured using inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) with a Perkin Elmer Optima 8000 
instrument. Prior to the analysis, 30 mg of the catalyst was weighed in a ceramic crucible, 
heated in air at 10K min-1 to 1000 °C, and held at this temperature for 6 h. The combustion 
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process burned off the carbon support, leaving the oxidized palladium metal in the crucible. 
The contents remaining in the crucible were soaked in 5 ml aqua regia (1:3 nitric acid : 
hydrochloric acid) overnight to dissolve the palladium metal. The solution was then diluted 
using 45 ml of DI water and analyzed.  
 The size of the palladium nanoparticles was calculated from the hydrogen 
chemisorption isotherms obtained using a Micromeritics ASAP 2020C instrument. For this 
analysis, 70 to 80 mg of catalyst was packed in a U-shaped chemisorption tube. The catalysts 
were reduced in-situ under hydrogen at 350 °C for 2 h, followed by evacuation at 350 °C for 
2 h to remove any bound hydrogen, and cooled down to room temperature under vacuum. 
Hydrogen gas was subsequently re-introduced in the system at 35 °C and the total quantity 
adsorbed (HT) was calculated from the first isotherm. Following this, a vacuum was applied 
to remove the weakly bound hydrogen and a second adsorption isotherm was recorded to 
determine the reversibly bound hydrogen (HR).  
 
5.2.3 Catalyst performance 
 The catalysts were tested for the liquid-phase hydrogenation of cinnamaldehyde. The 
reactions were conducted at ambient pressure in a 100 ml 3-neck round bottom flask (RBF), 
connected to a condenser at 4 °C. For the catalytic tests, 100 mg of the catalyst, 40 ml 
dioxane, and 365 mg of decane as an internal standard were added to the RBF. The mixture 
was placed in an oil bath and stirred continuously at 500 rpm using an IKA-RCT magnetic 
stir plate equipped with a PT1000 thermocouple. Nitrogen was purged through the system at 
room temperature at 20 ml min-1 at ambient pressure using a Brooks mass flow controller and 
a fine frit bubbler (10 – 20 µm). Following this, hydrogen was bubbled through the system at 
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20 ml min-1 and ambient pressure for 30 min and the mixture was simultaneously heated to 
80 °C. 5 g of cinnamaldehyde in 10 ml of dioxane was then added to the flask using the third 
neck, fitted with a rubber septum and a needle. The addition of cinnamaldehyde was marked 
as the start time of the reaction and 200 µl samples were withdrawn every 15 min to follow 
the progress of the reaction. The samples were collected in pre-cooled 2 ml glass vials to 
quench the reaction and prevent solvent loss. All the tests were conducted in triplicates.  
 The reactant and products were analyzed using an Agilent 7890A gas chromatograph 
(GC) connected with an HP-5 column and a flame ionization detector (FID). 100 µl of the 
reaction samples were diluted with 1400 µl of dioxane, filtered using a 0.22 µm nylon filter, 
and then injected in the GC. The operating conditions of the GC-FID consisted of a split ratio 
of 20:1 at 20 ml min-1 and an inlet heater temperature of 300 °C. A total flow rate of 24 ml 
min-1, septum purge flow rate of 3 ml min-1, and column flow of 1 ml min-1 was used for the 
GC-FID analysis. Initially, the oven temperature was maintained at 40 °C for 1 min and then 
increased to 180 °C at 10 °C min-1. The temperature of the FID heater was maintained at 300 
°C during the analysis.  
 
5.3 Results and Discussion 
5.3.1 Carbon support properties  
 Mesoporous graphitic carbon nitride materials were chosen as supports in this study 
due to the ease in tunability of their electronic properties, as has been previously reported.6 
Particularly, in the photocatalysis literature, different strategies have been designed for 
modulating the band gap of carbon nitride materials. For example, a 0.21 eV decrease in the 
band gap was achieved by inducing changes in the separation of layers of g-C3N4 via oxygen 
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incorporation.7 In this work, the synthesis temperature of the support was varied for altering 
its electronic properties through stacking and lattice constant modifications.6 This control on 
the electronic nature along with mesoporous structure of these carbons permits the isolation 
of transport effects from the interfacial interactions in the metal/carbon catalysts. These 
advantages make carbon nitride a support material of choice in this work for tailoring the 
metal-support interaction effects. 
 In the case of carbon materials with oxygen functional groups, literature from 
optoelectronic studies has demonstrated correlations between the surface oxygen content and 
work function of the nanocarbons.8-10 Specifically, these correlations have been established 
for graphene oxide (GO) materials due to their extensive utilization for optoelectronic 
applications. The variations in the work function of the GO upon reduction are typically 
attributed to the changes in the density and nature of surface oxygen functional groups, 
suggesting that the defunctionalization of carbon materials other than GO could also allow 
for tuning their electronic properties. Utilizing this knowledge, herein the SCCNT supports 
were thermally defunctionalized for selectively removing surface oxygen functional groups, 
as has been established in the literature.11 This potential for tunability of electronic properties 
coupled with the absence of micropores in the SCCNTs make them ideal candidates for 
studying the interfacial catalytic phenomena in carbon supported catalysts.  
 With the help of g-C3N4 and SCCNT supports, herein efforts are directed towards 
decoding the influence of nitrogen and oxygen functionalities on the electronic properties of 
carbon materials and thereby their role as supports in hydrogenation catalysts. For the carbon 
nitride scaffolds, the elemental composition was confirmed using CHN analysis and the ratio 
of carbon to nitrogen was observed to be uniform across the different supports despite the 
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changes in synthesis temperature (Supplemental Information Table S1). In contrast, in the 
case of SCCNT supports, decrease in the surface O/C ratio from 0.24 to 0.11 was observed 
between the pristine and 600 °C annealed carbons using XPS (Supplemental Information 
Figure S2).  The electronic nature of the PS SCCNTs supported catalysts was studied using 
UPS and a decrease in the work function from 5.1 to 4.73 eV was observed with increasing 
thermal annealing temperature (Supplemental Information Table S3). These changes in the 
WF were in coherence with the observations on GO that have been previously reported in the 
literature.  
 
5.3.2 Synthesis of carbon supported palladium catalysts 
 Deposition-precipitation and incipient wetness impregnation techniques were used to 
deposit Pd metal on the carbon nitride and SCCNT supports, respectively. These techniques 
were preferred over the ligand-based synthesis methods in order to avoid the possible steric 
and electronic effects of the ligands. The palladium nitrate precursor was specifically 
preferred over chloride-based precursors to avoid poisoning of the metal catalysts from the 
chloride residues. Overall, a uniform palladium loading was observed on all the catalyst 
supports using ICP-OES analysis (Supplemental Information Table S4). Hydrogen 
chemisorption studies confirmed that the average particle size of 5 nm on both the carbon 
nitride and SCCNT supported catalysts (Supplemental Information Table S5). These studies 
eliminated the effects due to differences in metal loading or particle size variations on the 
performance of these two catalyst series.  
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5.3.3 Catalytic performance for α,β- unsaturated aldehydes 
 To investigate the influence of the support’s electronic properties on the performance 
of Pd catalysts, the liquid-phase hydrogenation of α,β- unsaturated aldehyde – 
cinnamaldehyde was used as a probe reaction. This reaction was particularly of interest due 
to its sensitivity towards the electronic configuration of the metal active phase. Pd catalysts 
are of prime interest for this reaction due to their selectivity towards the C=C bond for the 
production of hydrocinnamaldehyde (HCALD), which is an important pharmaceutical 
intermediate (Figure 1). Comparing the selectivity of the catalysts designed in this study 
revealed interesting correlations with the support annealing and synthesis temperatures. For 
the Pd/C3N4 catalysts, the HCALD selectivity increased with decreasing support synthesis 
temperature and increasing band gap (Figure 2). Contrary to this, for the Pd/PS catalysts, the 
HCALD selectivity increased with increasing support treatment temperature and decreasing 
work function (Figure 3). The correlations for the PS SCCNT supported catalysts even 
demonstrated linear dependence between the catalyst work function and HCALD selectivity 
(Figure 4). Additionally, even minor changes in the surface O/C ratio resulted in changes in 
the electronic properties of the support that further manifested themselves in coherent 
changes in HCALD selectivity. This indicates that the electronic interactions between the 
metal and support can be modulated by tuning the chemical and electronic properties of the 
carbon scaffolds.  
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Figure 1. Reaction scheme for cinnamaldehyde (CALD) hydrogenation 
 
 
 
Figure 2. HCALD selectivity for C3N4 supported catalysts determined experimentally and 
band gap for the supports as reported in the literature6 
 
167 
 
Figure 3. HCALD selectivity and work function as obtained from UPS for catalysts 
supported on PS SCCNTs 
 
 
Figure 4. Linear trend between the HCALD selectivity and work function of palladium 
catalysts supported on PS SCCNTs 
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Figure 5. Trend between the HCALD selectivity and work function of palladium catalysts 
supported on C3N4  
 
5.4 Conclusions 
 We demonstrate here linear correlations between the selectivity obtained for 
cinnamaldehyde hydrogenation, a model α,β-unsaturated compound, the electronic properties 
of the supported Pd catalyst. Hence, UPS offers a simple and effective way to predict the 
catalytic activity of metals for hydrogenation reactions and beyond. Furthermore, we showed 
that for a given nanostructured catalyst, its performance can be modulated through simple 
thermal treatments. We already demonstrate the validity of this approach for carbons and 
carbon nitrides but anticipate that it can be extended to a broad range of O-, N-, P-, S-doped 
carbons for applications in both thermocatalysis and electrocatalysis. 
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5.6 Supporting Information 
Table S1. Elemental composition of carbon nitride catalysts as obtained from CHN analysis 
conducted at 925 °C 
 
  
Support Synthesis 
Temperature (°C) Carbon (%)
 Hydrogen (%) Nitrogen (%) C:N 
500 34.18 1.86 59.94 0.57 
550 34.66 1.56 60.12 0.58 
600 34.71 1.34 59.68 0.58 
650 35.02 1.30 60.91 0.57 
    
 
Table S2. Surface oxygen to carbon ratio (O/C) for PS SCCNT supports as obtained from X-
ray photoelectron spectroscopy (XPS) 
 
 
Support O/C 
PS 0.24 
PS200 0.23 
PS400 0.23 
PS600 0.11 
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Table S3. Work function of the palladium catalysts supported on PS SCCNTs as measured 
with ultraviolet photoelectron spectroscopy (UPS) 
 
 
Catalyst Work function (eV) 
Pd/PS 5.10 
Pd/PS200 5.00 
Pd/PS400 4.85 
Pd/PS600 4.73 
 
 
Table S4. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) results for 
the palladium metal loading in catalysts using the PS and carbon nitride supports  
 
 
Catalyst Pd metal loading (%) 
Pd/PS  3.3 
Pd/PS200 3.2 
Pd/PS400 3.3 
Pd/PS600 3.9 
Pd/C3N4 500 °C 4.3 
Pd/C3N4 550 °C 4.6 
Pd/C3N4 600 °C 4.2 
Pd/C3N4 650 °C 3.9 
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Table S5. Sizes of palladium nanoparticle as obtained from hydrogen chemisorption 
adsorption isotherms 
 
 
Catalyst Particle size (nm) 
Pd/PS  4.86 
Pd/PS200 4.94 
Pd/PS400 5.08 
Pd/PS600 4.98 
Pd/C3N4 500 °C 4.64 
Pd/C3N4 550 °C 5.32 
Pd/C3N4 600 °C 5.33 
Pd/C3N4 650 °C 4.45 
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CHAPTER 6 
 GENERAL CONCLUSION 
 
 Lignocellulosic biomass offers a promising alternative to petroleum resources for the 
production of specialty and fine chemicals. However, the transition from a petroleum-based 
to a bio-based chemical industry entails several challenges. For example, the platform 
molecules obtained from biomass consist of highly conjugated and oxidized moieties, which 
present a substantially different chemistry as compared to the hydrocarbon building blocks 
derived from fossil feedstocks. The prevalence of C=C and C=O bonds in these platform 
molecules require reactions that can selectively alter these functionalities. In this regard, 
selective hydrogenation reactions are of prime significance and designing catalysts that can 
selectively hydrogenate a target double bond within multifunctional molecules is imperative 
for the production of renewable chemicals from biomass.   
 Carbon-supported noble metal catalysts are commonly used for hydrogenation 
reactions in the petroleum industry. These materials are expected to retain their importance in 
the bio-based chemical industry, ultimately expanding their applications to reactions 
performed in aqueous media as traditional metal oxide supports lose their structural integrity 
in this environment. Despite this significance, the fundamental properties of these catalysts 
remain poorly understood because of the complex nature of carbon materials. This gap in 
knowledge hinders the rational design of carbon-supported catalysts for selective 
hydrogenation reactions.  
 In this work, attempts were made to elucidate the role of carbons as catalyst supports 
by decreasing the complexity of the investigated materials. Particularly, a simpler carbon 
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platform that offered a control on the support’s chemical and electronic properties while 
preserving its morphological structure and surface area was developed. Uniform loading of 
Pd metal on the carbons allowed a direct comparison of catalysts for selective hydrogenation 
of α,β- unsaturated aldehydes. Differences in the selectivity towards C=C bond 
hydrogenation were observed with varying surface chemistry and graphitic character of the 
support. As the support surface area, porosity, and graphitic character were preserved, the 
observed differences in selectivity were attributed to metal-support interaction (MSI) effects. 
Detailed investigation revealed that the trends in catalytic selectivity were consistent with the 
contribution of a Pdδ+ phase as observed using X-ray photoelectron spectroscopy (XPS). The 
presence of oxides, carbides, and hydrides under hydrogen environment was ruled out using 
near ambient pressure-XPS (NAP-XPS) studies. The interatomic distances obtained from 
aberration corrected transmission electron microscopy (ac-TEM) also confirmed the presence 
of metallic Pd in the nanoparticles. These observations verified that the contribution from the 
Pdδ+ phase is due to electronic interactions between the metal and support rather than a 
change in the oxidation state of palladium due to chemical bonding. The electronic metal-
support interaction (EMSI) effects, observed here, also altered the ratio of the reversibly (HR) 
to irreversibly (HI) bound hydrogen, further confirming the changes in electronic structure of 
Pd atoms. 
 Once the presence of EMSI effects in carbon-supported catalysts was established, 
efforts were directed towards elucidating the role of supports on these interactions in detail 
using NAP-XPS studies, XPS depth profiling, ultraviolet photoelectron spectroscopy (UPS), 
controlled sintering experiments, and density functional theory (DFT) calculations. Our 
investigation revealed that O-containing groups saturate defects on carbon surfaces and 
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create surface dipoles that alter the electronic structure of the surface. The consequences of 
these modifications were probed directly by UPS as this technique allowed us to measure the 
work function (WF) of the catalytic materials. Combining the UPS results with catalytic data 
confirmed that the shift in WF with support annealing temperature was consistent with 
changes in the selectivity for cinnamaldehyde hydrogenation. Further investigation using 
XPS-based depth profiling and DFT studies proved that the changes induced in the electronic 
structure of the surface results in a charge transfer at the metal-carbon interface. 
Interestingly, this charge transfer was strong enough to alter the core electrons of the Pd 
atoms at the interface, as observed from XPS, and rapidly decayed with increasing distance 
from the interface.  
 We further studied the interfacial effects by investigating the role of the Pd-C 
contacts through controlled sintering experiments. Increasing the Pd particle size altered the 
ratio of surface to interfacial Pd atoms and demonstrated correlations between the 
contribution of Pdδ+ and catalytic activity. Simple geometric effects could not explain the 
drop in reaction rate with increasing particle size as the trends in catalytic activity remained 
unchanged even after normalizing the rate with surface active Pd atoms. In order to 
understand these interfacial effects, we developed a simple model based on XPS and kinetic 
data and found that atoms near the interface demonstrate an intrinsic reaction rate that is two 
orders of magnitude higher than that of the atoms further away. This model was consistent 
with DFT studies, which revealed that the charge transfer weakens the binding of hydrogen, 
in coherence with chemisorption, and lowers the activation energy for the transition state 
associated with hydrocinnamaldehyde (HCALD) by ca. 10 kJ mol-1. The magnitude of 
change in the transition state activation energy was coherent with the experimentally 
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observed 2 orders of magnitude change in rate at 80 °C. Because of these alterations, the 
HCALD formation is boosted relative to phenyl propanol, which explains the observed 
change in selectivity for the reaction.  
 Finally, as the WF was observed to be an important parameter, we tried to generalize 
our findings by studying other materials with significantly different electronic properties, like 
C3N4. The results obtained so far are consistent but need additional work, especially to fully 
understand the electronic effects at the metal-support heterojunction and decouple the roles 
of WF and band gap. 
 In summary, our work demonstrated the existence of electronic metal-support 
interactions for carbon supports and offered a simple yet elite approach for tuning these 
effects for hydrogenation catalysts. The structure-activity correlations that were developed 
will ultimately facilitate the fine tuning of carbon-supported metal catalysts for a broad range 
of reactions beyond hydrogenations, in particular for biomass conversion reactions.  
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CHAPTER 7 
 FUTURE DIRECTIONS 
 
 Our work provides strong evidence for the presence of electronic metal-support 
interactions (EMSI) for Pd/C and provides some guidance for the rational design of carbon-
supported catalysts. However, additional work is still needed to control these support effects. 
Here we highlight three different routes that could be explored for tailoring the interfacial 
interactions and further improving the fundamental understanding of nanocarbon-supported 
catalysts.  
 
7.1 Effect of metal active phase 
 Palladium on carbon (Pd/C) catalysts that have been studied in this work are known 
to form hydrides under high pressure conditions, which is inconvenient for studying the 
active phase in more details. Using noble metals that do not form hydrides, such as platinum 
and ruthenium, would allow us to generalize our findings and enable an investigation of the 
active phase for a broader range of reaction conditions, in particular for pressures common in 
industrial hydrogenation reactions. Since Pd, Pt, and Ru nanoparticles have different work 
functions and d band centers, our work would also elucidate the effect of these properties on 
the interactions of the noble metals with nanocarbons, specifically on the direction and 
intensity of the charge transfer.  
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7.2 Effect of work function of carbons 
 Tailoring the electronic properties of carbon materials offered novel insights into the 
EMSI effects in this work. However, these effects were only studied for a limited set of 
carbon supports, namely the carbon nitride and oxygen-functionalized carbon nanotubes. 
Extending this study to a variety of other carbon supports can provide a more detailed 
understanding of the interfacial phenomena and thereby allow a better control on the EMSI 
effects. Ultimately, this work would generate transformative concepts to enhance or tailor the 
selectivity of a catalyst without altering the elemental composition of the active phase.  
 
7.2.1 Top-down approach 
 Materials such as carbon nanotubes present several challenges in the measurement of 
the work function and valence band positions. In contrast, the work function of graphene 
oxide (GO) and reduced graphene oxide (rGO) can be easily measured using simple 
spectrophotometric techniques. The structural simplicity of these materials permits the 
evaluation of even the valence band position using ultra-violet photoelectron spectroscopy 
(UPS). With the help of these techniques, a more detailed understanding of the electronic 
properties of carbon materials can be developed. As a result, trends between the electronic 
nature of the supports, the performance of metal nanoparticles decorating their surface, and 
EMSI effects would be further strengthened through this proposed work.  
 
7.2.2 Bottom-up approach 
 In addition to altering support functionalization, the electronic properties of the 
nanocarbons can also be tuned by controlling their size. For example, graphene quantum dots 
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(GQDs) allow for changing their WF through size modulation via simple modifications in the 
synthesis conditions. Using a bottom-up approach for controlled GQD synthesis from sugars, 
correlations between the electronic nature of nanocarbons and their influence on EMSI 
effects could be determined.  
 
7.3 Quantitative investigation of interfacial charge transfer 
 The adsorption of oxygen and moisture on the catalyst surface during ex situ 
characterization causes the structure-activity correlations to be qualitative in nature. 
Therefore, near-ambient pressure synchrotron-based X-ray photoelectron spectroscopy 
(NAP-XPS) studies under different atmospheres are essential for a quantitative analysis of 
the EMSI. NAP-XPS studies were already conducted at the ISISS beamline at the BESSY II 
synchrotron facility in Germany. The dynamic changes of the support (without palladium) 
and catalyst precursor were monitored throughout the calcination, reduction, and thermal 
annealing steps. Once fully analyzed, these results will provide further insights into the 
changes of the active phase as a function of the nature and density of the oxygen-containing 
groups decorating the surface. We envision that additional NAP-XPS experiments on Pd/GO 
and Pd/GQD as well as in situ catalytic tests (e.g., for alkyne hydrogenation) would provide 
important information on the role of the Pdδ+ phase under reaction conditions.  
